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I • ABSTRACT 


he development and fabrication of high pressure helium 
bottles for space vehicle applications vzas undertaken through the 
utilization of "ARDEFORM" cryogenic stretch forming techniques. 

The configurational features of the helium bottles immersed in 
the LOX tanks of the Saturn V, SIC vehicle were duplicated in sub- 
scale pressure vessels. Two designs were initiated, and later 
fabricated. One design utilized' standard manufacturing processes 
for the production of a welded vessel made froitv plate stock. The 
other design provided for an integral head-, non welded bottle, 
fabricated from seamless tubing. 

.Materials evaluation, metallurgical studies, weld develop- 
ment, and materials testing programs were carried out in support 
of this work to show the feasibility of producing full scale 
Saturn tankage-. It was shown that the fabrication technology 
developed could be readily utilized in the production of vessels. 
Welded vessels- tested in the program achieved 337 KSI nominal hoop 
stress at cryogenic {-320°F) burst,, while integral head vessels 
burst at 316 KSI nominal cryogenic hoop stress. Mechanical testing 
indicated average uniaxial yield strengths of 300 KSI and average 
K 1C (plane strain fracture ■ toughness)' values Of 8-5 KSIy/ln at -320°.F. 
100% weld efficiency was also demonstrated. 
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II INTRODUCTION 


The ARDEFORM process was conceived by Arde-Portland as a 
means of fabricating high strength pressure vessels from AISI- 
301 Stainless Steel. This process utilizes the property of 
austenitic stainless steels to work harden to very high strength 

i 

levels when stretched at cryogenic temperatures. The process 
consists of fabricating an undersize pressure vessel .from work 
hardenable material while the material is still in an annealed 
condition. The undersize vessel is then stretched, at cryogenic 
temperatures, to the full size required. The cryogenic stretching 
operation imparts high strength to the entire vessel including' 
end closures and all welds. 

The ARDEFORM process for fabricating high strength stain- 
less steel tankage has achieved significant acceptance for 
missile and space application. The unique capability of providing 
extremely light weight pressure vessels in conjunction with 
attractive material physical properties and compatibility with a 
wide range of fluids has made it an obvious candidate for flight 
hardware. Among the more notable applications which are completed 
or are currently under way are: 

Gemini Life Raft CO Inflation Bottle. 

This is a cylinder two inches in diameter and approximately 
10 inches long designed for a burst pressure of 5600 psi for 
NASA Manned Spacecraft Center. These vessels have been fully 
qualified for manned flight and have been used on the last five 
Gemini flights. This has been a production type program with over 
100 units having been delivered to date. 
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Roadrunner I - Pressurant Tank 

A 100 inch long by 4 3/8" diameter N 2 pressure vessel 
which is immersed' in the propellant tank on the NAA target missile. 
Burst pressure is 600 psi and the design ultimate strength is 
280,;000 psi. A quantity of 47 units , have been delivered to NAA 
in addition to qualification test units used to demonstrate design 
requirements. These units have been flying on recoverable target 
drones. 

Roadrunner II - N_ Pressurant Tank 
2 

An unusual tank configuration which makes use of a toroidal 
head to provide a maximum volumetric efficiency vs total length. 

A total of 12 units of this 12" diameter, .,150 wall cylinder have 
been delivered for use in an advanced version of the NAA Road- 
runner. The design ultimate stress is 300,000 psi. An interesting 
demonstration of the resistance of ARDEFORM material to impact 
damage occurred when a drone creashed early in- the flight and the 
tank was found to be still intact. 

Bio'satellite N_ Tank 
1 2 

A 14 1/2" diameter, .080 wall spherical pressure vessel 
developed for General Electric Company for this application has- 
passed qualification tests and six vessels have been delivered.' 

In this spherical vessel the design ultimate stress is 270,000 
psi. 

Aqena 0^ Vessel 

Several 7 1/2" diameter, ' 10,000 psi burst strength spheres 
were provided to Lockheed for a special mission. Full qualification 
was -completed using only two vessels.- The flight was accomplished 
in 1965. 
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Cryogenic 0^ Storage 

A development program to produce 25" diameter .040 wall 
spheres for cryogenic dewar inner vessels has been completed for 
Bendix. These vessels were fabricated using a unique composite 
preform consisting of a cylinder, two cones and two flat plates 
eliminating the need for costly forging and forming operations. 
Further, the finished weight is one-half that of an identical 
configuration vessel made from inconel, in use on the Apollo 
program. 

Cryogenic Storage 

A parallel program for Bendix to the one above is a develop- 
ment of composite sphere for a 28" diameter vessel with .020" 
wall thickness . This project approaches the problems of welding 
large size components in very thin thickness. This is a current 
program and although welding techniques have now been established, 
finished vessels have not yet been produced. The design ultimate 
strength in these vessels is 240,000 .psi at room temperature and 
330,000 psi at cryogenic temperature. 

Manned Maneuverability Unit 0^ Bottle 

A 16,900 psi burst strength 16.75 diameter x .200 wall vessel 
designed for 300,000 psi ultimate has been developed for Hamilton 
Standard. Two contracts on this program have been completed in- 
cluding two hydroburst tests which demonstrated 17, 200 psi and 
17,080 psi. A follow-on contract for eight more units bringing 
the total contracted to 24 has been completed. 

Bu Weps Materials Investigation 

• ' A continuing program is in progress to evaluate the effect 
of chemistry variations on strength level and notch toughness. The 
materials under consideration include the 300 series stainless 
family. Results to date have identified chemical compositions which 
will offer biaxial strength levels in excess of 350,000 psi. Further 



effort on this program will lead to demonstration in- welded 
pressure vessels. 

Apollo 0^ Back Pack Bottle 

A cylindrical bottle 3 3/4" diameter, 17" long and .030 
wall, intended for the back pack life support unit has been 
developed, delivered and qualified for Hamilton Standard. These 
vessels have met all program objectives. As of the present time, 
a current program is under way for a new design to meet revised 
envelope and operational requirements. 

Hydrogen Dewar Vessel 

-39 inch cylinders are currently being produced for Bendix 
for use as an inner vessel in a hydrogen dewar. A special heat 
of low silicon 301 material was utilized because of the improved 
notch properties of low silicon materials at liquid hydrogen 
temperatures (-423 °F) . 

Post Boost Control System 

Work has commenced for Aerojet General on a conospheroid 
featuring compatibility with an< ^ Hydrazine, high strength, 

and integration with the Arde multi-cycle metallic expulsion bladder. 

The ARDEFORM process for manufacturing pressure vessels 
makes use of the capacity of austenitic stainless steel to gain 
strength when worked cold, a strength resulting from the trans- 
formation of metastable austenite to martensite during straining at 
low temperature. In the ARDEFORM process, this phenomenon occurs 
when the vessels are expanded into shape in a bath of liquid nitrogen 
(temperature -320°F) . 
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Each ARDEFORM vessel first takes shape as a preform, an 
undersized vessel fabricated of an austenitic stainless steel. 
Fabrication of the preform before the steel is work-hardened permits 
the machining, shaping and welding -of the components of the preform 
by conventional method's. The preform is submerged in the cryogenic 
nitrogen bath and stretched by internal pressurization to yield the 
desired final size, strength and configuration. 

In the cryogenic stretch forming process, the ‘vessel 
preform may be constructed from flat sheets, simple cones., and 
rolled and welded cylinders, eliminating the need for expensive 
forgings-, tooling and extensive machining usually associated with 
existing manufacturing techniques. 

The preform is frequently a composite of several geometric 
shapes. Because of the tendency of different sections of a vessel . 
preform to stretch to varying magnitudes, the preform is designed 
to achieve the desired final vessel 'shape. For example, different 
stretch rates of heads and cylindrical sections of, a preform 
sometime requires that the preform have a cylindrical section smaller 
in diameter than, the ends. 

Since in cryogenic stretch- forming, the final size and shape, 
.as well as -strength level, are achieved simultaneously, the preform 
must stretch directly to the final shape.- To accomplish this 
stretching, certain design criteria must be met. For example, in. 
the fabrication of spheres, if one desires to incorporate a boss or 
a thickened ring, the boss, or ring is designed to stretch uniformly 
with the sphere body. 

Arde, Inc. has developed plasticity design techniques that 
have been programmed for computer use. These computer programs 
enable ARDE designers to define integral preform shapes that will 
stretch to the desired final configuration. 
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In addition to integrally stretching the configurational 
components of a pressure vessel, the technique of adding attachments 
and other features hy welding after stretching is available. 

This procedure is used to meet requirements for a .local heavy 
section of such design as to be compatible with the stretch- forming 
technique. Such requirements would include a solid boss in a 
spherical vessel or a local thickened circumferential ring in a 
cylindrical vessel. With this modified technique, portions of a 
stretched vessel may be cut away and the required sections added. 
Welding after stretching, however, anneals the weld material and 
the material adjacent to the weld to very low strength levels. 

This situation is corrected by restretching these areas to bring 
them up to- the strength level of the main body of the pressure 
vessel. The restretch is generally carried out at a pressure level 
equal to the original stretch pressure. Hence, no yielding will 
occur except in the local annealed regions of the attachments. • 

The effort on this program was directed along two parallel 
paths in the fabrication of pressure vessels. 

1) Application of the aforesaid current Ardeform fabrication 
techniques to demonstrate the feasibility of utilizing 
cryogenically stretch formed vessels for the helium 
bottles of the lox tanks of the Saturn V, S-1C vehicle., 

2) Determination of the feasibility of, and development 
of the methods for producing integral head bottles 
with spun-over ends, preferably utilizing seamless 
tubing, in conjunction with the Ardeform process. 

In both cases, it was desirable to provide the process param- 
eters required for obtaining maximum consistent properties 
commensurate with a low rejection rate during manufacture. 

Hence, the program was divided into phases as described 

below: 
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Phase I - Process development for cryogenically stretching heavy 
gage 301 stainless steel. 

This phase consisted of the selection of material of such 
a chemical composition and cleanliness that optimum mechanical 
properties under cryogenic (-320 °F) strain would result. Further- 
more, weld parameters would be established for obtaining joints 
which could be stretched to a maximum stress level at cryogenic 
temperature. An investigation toward the improvement of the 
composition of weld beads to make them more nearly equivalent to 
the composition of the base metal would be undertaken. To this 
end, it was necessary to establish an optimum stress level to which 
components could consistently be exposed without failure. 

Additionally, eighty-two (82) uniaxial specimens were to 
be cryogenically stretched and tested in order to predict tensile 
and yield strengths, elongation, and notch strength for both welded 
and unwelded material at room temperature as well as at -320 °F. 

The stress corrosion resistance of cryogenically prestrained 
Ardeform material was also to be determined during this phase of the 
program. Specimens would be prepared, prestrained cryogenically, 
and stressed in a bent beam fixture for placement in a salt solution. 

The feasibility of spinning over the ends of seamless or 
welded tubing was to be determined, for the purpose of fabricating 
an integral preform for a vessel. The vessel would then be cryogenicall 
strained to the optimum stress level established through the mechanical 
testing program. 

Limited design effort was planned to permit the fabrication 
of subscale helium bottles. A L/D ratio in the range of 3 to 5 
.and a minimum diameter of 10 inches were specified, in addition to 
operational and test pressures corresponding to those of the full 
scale vessels. 
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Phase II - Manufacture of subscale 301. stainless steel bottles. 

The fabrication and cryogenic stretching of 3 each 
of the following subscale bottles was to be accomplished in this 
■phase of the program. 

a - ) Roll and welded bottle, fabricated from rolled 
flat sheet stock and hydroformed heads. 

b) Integral .head bottle, fabricated from seamless 
tubing with spun-over ends . 

One each of these type vessels was committed to cryogenic 
burst testing by Arde-Portland. Two each would be. delivered to 
NASA. 



Ill • SUMMARY 


The high pressure bottle configuration used.' in the LOX 
tanks of the Saturn V, SIC vehicle, were- duplicated in a- sub- 
scale version using the Ardeform process. The objectives of the 
program were to demonstrate the feasibility of using cryogenically 
stretch formed 301 stainless steel tanks for such space vehicle 
applications, • and to provide the process parameters required for 
obtaining maximum consistent properties commensurate with a low 
rejection rate during manufacture. 

In order to achieve these objectives, the effort on the 
program was directed along several parallel pa.ths.. 

1) - Demonstrate the feasibility of fabrication of Ardeform 

pressure vessels for high pressure helium gas storage. 

a) t Welded configuration— Develop 100% weld efficiency 

in 1/4" thick material in a subscale vessel. 

b) Integral Head Configuration — Develop floturning 
and head spinning, processes for use with standard 
grade Ardeform material in a subscale vessel. 

2) Provide material properties data through a materials 

testing program for parent material as well as welded 

material. 

a) Yield strength 

b) Notch toughness 

c) Resistance to stress corrosion 

This report contains the results, of the development work 
outline’d above. The fabrication technology employed is discussed, 
as well as the metallurgical investigations in support of this 
work. The results of tests on both specimens and vessels, are 
"reported and discussed in- detail in the body of the report. 
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ARDEFORM PRESSURE VESSELS 








S/N 2 Roll & Weld Vessel 

Fabricated with Rolled Sheet t 
Hydr of armed Heads, Machined Rosses 


S/N US-2 Integral Head Vessel 

Seamless Vessel with Integral Hot Spun Heads 
Machined Bosses, Welded in Place 


<■ W * 




Design parameters were established to represent conditions 
in a full scale vessel* Pressures were established to correspond 
with the following full scale vessel pressures at -320 S F. 


Working 

Proof 

Burst 


3300 psi 
4500 psi 
6600 psi 


Size requirements for the subscale vessels were set as 
follows i 


L/D of 3 to 5 
10" min. diameter 
Thickness Ratio: 


Full Scale - x 
Subsea ie 


A double vacuum melted Arde standard composition of 301 
stainless steel was selected to provide increased notch toughness, 
high strength cleanliness, and minimum flaw sizes. The material 
wav* metallurgically evaluated prior to commitment for fabrication. 


*he weld development pLogram was undertaken with flat 1/4 ' 
plate material to develop the lol lowing weld parameters: heat 
nettings, feed speeds, veld preparations, filler rod size, and 
weld bead control. Two approaches were investigated? double 
pass welding and single pass welding. Single pass was selected 
over the conventional double pass technique because of less 
chance of lack of fusion between passes and reduced carbide growth* 
Problems encountered were under cutting, sagging, and drop- through . 
*‘3 0*0 lock'* welding, where the torch is held horizontal, was 
investigated as a means of solving these problems* After testing 
of a verification vessel (5/N 2) , this form of welding was dis- 
carded in favor of single pass Tig, pressurized gas back-up 
welding - 
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Metallurgical investigation was performed on tensile 
specimens fabricated from the heat of material used for the 
welded vessel fabrication- These specimens were in tensile 
test bar form, consisting both of parent metal and weldments of 
301 composition. Eighty- seven (87) specimens were cryogenics lly 
prestressed in liquid nitrogen at a selected stress level of 
235,000 psi, After prestressing, the entire group was divided 
into smaller groups for testing at room temperature and -320°F 
for both welded and welded specimens. Half of the specimens 
were used for plane strain fracture toughness testing. The 
effect of material rolling direction on the specimens was also 
observed. Fracture toughness values were determined on center 
notch partial thickness specimens of the prescribed dimensions 
established by the ASTM Fracture Toughness Subcommittee. These 
values were further substantiated by testing identical material 
using the single edge notch tensile specimen and determining 
"pop in" load by the electrical potential method, A brief summary 
of re suits fo 1 lows : 

1. Room Temperature Results 
Parent Material 

220.2 KSI Average Yield 

12.2% Average Elongation - Parallel Specimens 

11.5% Average Elongation - Transverse Specimens 

102. 6 KSI /IN Average K (Center Notch) 

106,8 KSI /in Average K (Single Edge Notch) 

Weld Bead 

218.6 KSI Average Yield 

103.6 KSI /lN Average K (Center Notch) 
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2* -320 °P Results 

° Parent Material 

e 302 >3 KSI Average Yield 

* 10,6% Average Elongation - Parallel Specimens 

0 10,0% Average Elongation - Transverse Specimens 

* 83.9 KSI /iN Average K IC 

• Weld Bead 

* 298.8 KSI Average Yield 

0 86.7 KSI /IN Average K J( , 

Eight (8) tensile specimens were cryogenically prestressed to 

232.000 psi and then loaded in a bent beam specimen holder at 

184.000 psi at room temperature* The specimens were placed in a 

*75 normal salt solution for five months, with the following results 

0 No indications of stress corrosion 
? One specimen pulled to Room Temperature 
failure at 228 KSI 
9 One specimen pulled to -32G°F 
failure at 300 KSI 

Fabrication of the welded vessels was accomplished using 
standard rolling, hydro forming, and machining techniques* AH 
processes were controlled through Arde specifications. These vessel 
simulated full scale vessel welding through the incorporation of 
three girth welds, two diametral ly opposed longitudinal welds, and 
two boss to head welds. Three vessels were cryogenically stretch 
formed* Two were delivered to NASA - MSFC for evaluation and one 
was cryogenically burst tested at Arde-Portland at 10,850 psi. 

This represented 337,000 psi nominal hoop stress. 
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In the integral head vessel fabrication* billets were con- 
verted to forgings. The forgings were then floturned to seamless 
cylinders. In the course of this development phase* the first 
unit failed in process at 50% cold reduction after five successive 
flo turning passes without annealing. Therefore* interpass annealing 
was instituted on the remaining parts after each third pass, 
(approximately 30% cold reduction) 

Each cylinder, therefore* received three interpass anneals 
during processing. The next four cylinders were successfully 
floturned using this method. 

Hot spinning of integral heads on the seamless cylinders 
was accomplished with both one and two pass operations at a single 
temperature. Four cylinders were completed with 46% - 56% usable 
closures using this method. However* tracer machining was 
required on both the inside and outside of the heads to remove 
heavy surface cracks. Through- cracks at the edge of the boss 
opening were removed by machining larger boss openings* After 
welding the bosses in place* the parts were annealed* cleaned, 
and cryogenically stretch formed. Two vessels were forwarded to 
ETAS A— MS FC and one was cryogenically burst tested at Ar de-Portland. 
316,000 psi nominal hoop stress was developed at the burst pressure 
of 10,175 psi* 
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TABLE I — VESSEL SUMMARY 


ROLL AMD WELD VESSEL -D3433 

S/N 
1 


Forming 

Pressure 

Forming 

Stress 

Weight 

Volume 

10,000 psig 

254,1 ksi nom. 

92.4 lbs 

- 


307,4 ksi true 



4,000 psig 

101,5 ksi nom. 

- 

- 

10,000 psig 

263,9 ksi nom. 

92.1 lbs 

2,24 cu.ft. 


306,6 ksi true 


3868 cu.in. 

10,000 psig 

263,6 ksi nom. 

91.7 lbs 

2.27 cu.ft. 


306,7 ksi true 


3931 cu.in. 


INTEGRAL HEAD VESSEL - 0343 5 


Nominal Hoop Stress 
True Hoop Stress ^ 


Pressure X Original Radius 
Original Thickness 

Pressure X Final Radius 
Final Thickness 



Forming 

Forming 



S/N 

Pressure 

Stress* 

Weight 

Volume 

US- 2 

9,300 psig 

272,6 ksi nom. 

112 lbs. 

3.28 eu.ft. 



316 ,1 ksi true 


5667 cu.in. 

US- 5 

9,350 psig 

252.3 ksi nom. 

108 lbs. 

3.1 eu.ft. 



306.9 ksi true 


5366 cu.in. 

CF-10 

10,175 psig 

272-3 ksi nom- 

- 

- 



332 .1 ksi true 




Disposition 

Cryogenic burst tested to 10,850 psi 
337 .0 ksi nominal hoop stress 
345,9 ksi true hoop stress 

Bad weld - hold in stores 

Shipped to MSFC 

shipped to msfc 


Disposition 
Shipped to MSEC 

Shipped to MSFC 

Cryogenic burst tested to 10,300 psig 
316,3 ksi nominal hoop stress 
375,9 ksi true hoop stress 


* Forming stresses calculated using a reduced wall thickness. Repair grinding by Parsons 

Corp. on tube I.D, *s resulted in locally reduced wall thicknesses by ,015 on US-5 and CF-10 
and by ,033 on US-2 , Using the wall thickness without consideration of reduced sections, 
reduces the forming stress by approximately 20 ksi on US- 5 and CF-10, and 40 ksi on US- 2, 


SECTION IV PROCESS DEVELOPMENT FOR CRYOGENIC ALLY STRETCHING 
HEAVY GAGE 301 STAINLESS STEEL (PHASE I) 

A , Material Selection and Evaluation 

1. Ma te r i a 1 Se 1 e c t ion 

The metallurgical design of a type 101 stainless steel 
was undertaken as a primary step in the program* Optimum mechanical 
properties for cryogenic prestraining was of utmost importance* 

In order to insure the highest possible quality, the basic material 
was specified as induction vacuum melted from high purity raw 
material, followed by a consumable electrode vacuum remelt* Double 
vacuum melting of a material refines it in successive steps. This 
process provides increased notch toughness thru the reduction of 
oxygen and hydrogen content. Flaw sizes are minimized first through 
use of high purity raw material during the initial induction melt 
and during the consumable remelting* A far cleaner steel with very 
high strength and excellent notch properties is produced in this 
manner* 

One heat of steel was ordered for conversion to billets, sheet 
bar, and sheet stock in accordance with Arde specifications, con- 
trolling chemistry as well as cleanliness. Billets were intended 
for conversion to forgings for the production of seamless cylinders. 
These would then be utilized in the fabrication of the integral head 
vessel. Sheet stock was for use in the mechanical testing program 
as well as for welded vessel fabrication. Sheet bar was for boss 
material * 

It became evident just prior to delivery of the raw material, 
that the supplier [AHegheny-Ludlum Steel Corp.) was in fact 
delivering three separate heats of material rather than a single 


1? 


beat. The specified chemistry, as well as the actual received is 
shown In Table XI, It should be noted that the hydrogen content 
of Heat 7-2067 exceeded the specified 2 parts per million by 
0,7 ppm* Through MRB action, the heat was accepted for use, 
inasmuch as 2 ppm is an ideal value for sheet stock; whereas, a 
value of 5 ppm is a realistic value for billets prior to conversion* 
This value of 5 ppm would normally be reduced to the level of 2 ppm 
through reduction of the material thickness in the sheet stock 
r ol ling proce s s * 

2 * Material Evaluation 

Upon arrival of the steel from the vendor, Arde 
evaluation commenced prior to committing the material to use. 

Chemical analysis was checked against the specification (See 
Table II} * Inclusion content was determined metal lographically, 
and compared against specified allowables as defined by ASTM 
E-4 5-51, and set forth in Arde Specification 0015, It is worthy 
of note that the three heats delivered had a lower inclusion con- 
tent than the specification allowable in all cases* (See Table III) 
Cleanliness and grain structure may be seen in Figures 2, 3 and 4* 

Tensile specimens were prepared (see Figure 5), and a number 
of tests performed under varying conditions* A review of the data 
shown in Table IV - VI will indicate the effect of different 
pre treatments as well as intermediate treatments* All specimens, 
save one, were annealed, pickled, and passivated, in order to 
duplicate the processing to be actually accomplished during 
vessel fabrication. Stress-strain curves are shown in Figures 6 « 11, 


Table IV shows the results of material evaluation 
uniaxial tensile tests on heat 8606B. This heat provided 
all of the sheet stock used for welded vessels in this 
program. 

Table V shows uniaxial tensile test results for evaluation 
of heat 7-2067. This material was used in the production of 
seamless vessels US-1 through US- 5. Specimen lh was taken from 
a processed tube in order to verify the strain response of the 
material in the form that it would be stretched. 

Table VI shows the same test data for heat 7-2099 used 
to fabricate seamless vessels CF-6 through CF-1Q. 

Carbide present in large quantities in the material 
made it necessary to plan on annealing the vessels prior 
to cryogenic stretch forming. 
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Specification 
(Arete QQ15-QQ17 ) 


Carbon 


-055 

- -075 

Manganese 

1 

o 

o 

- 1-70 

Silicon 


* 30 

- -70 

Chromium 

17 

-00 

- 17-50 

Nickel 

7 

-30 

1 

nI 

(J 1 

o 

Nitrogen 


-02 - 

■ -04 

Phosphorous 


-015 

max . 

Sulfur 


-015 

max - 

Oxygen 

60 

ppm 

max - 

Hydrogen 

2 

ppm 

max . 


TABLE II 


CHEMICAL 

ANALYSIS 



Heat 8606B 
(Sheet) 

Heat 7-2067 
(Billets) 

Heat 7-2099 
(Billets) 

Heat 8 60 6 A 
(Sheet Bar) 

-065 

-060 

,060 

.065 

1,30 

1*22 

1.31 

1,30 

-41 

-41 

,57 

,41 

17-02 

17.20 

17-20 

17-02 

7-57 

7-63 

7-43 

7*57 

< 037 

-04 

*027 

-037 

< -01 

< *01 

< ,01 

< .01 

-006 

,004 

,003 

-006 

30 ppm 

30 ppm 

44 ppm 

30 ppm 

1 ppm 

2 ppm 

2*7 ppm 

1 ppm 


INCLUSION CONTENT 


Inclusion 

Allowable 


Actual 


Types 

Inclusions 
(A STM E-4 5-51) 

Sheet 

(Welded Vessel) 

Billet 

(Integral Vessel) 



Heat 8606B 

Heat 7-2067 

Heat 7-2099 

Sulfide 

2 Thin 

0 

0 

0 

Alumina 

1 Thin 

0 

0 

0 

Silicate 

3 Thin 

0 

0 

0 

Globular 

Oxide 

2 Thin/1 Heavy 

0/0 

1.5/0 

1.5/0 

Titanium 

Carbonitrate 

2 Thin/1 Heavy 

0/0 

2/0 

0/0 


materials evaluation 

sol reproducible 



Heat 8606-B Cleanliness 
100 X 



Heat 8606-B Grain Structure 
100 X 


-zt- 


Flfi*. Z 




MATERIALS EVALUATION 


NOT REPRODUCIBLE 



Heat 7-2099 Cleanliness 


100 X 



Heat 7^2099 Grain Structure 
100 X 


- Z* - 


FiG, • 5 



MATERIALS EVALUATION 


,01 



Heat 86G6-A Cleanliness 
100 X 



Heat 8006-A Grain Structure 


100 X 
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TABLE XV 


TEST RESULTS - HEAT 860 6B 
MATERIAL EVALUATION 



-320*F Pre strain Condition. 


Final 

Test to Failure 




% 

Nominal 

Intermediate 

% 

Nomina 1 

Test 




Elongation 

S tr e s s 

Heat 

Elongation Ultimate 

Temper- 

Remarks 

Specimen 


in 

KSI 

Treatment 

in 

Tensile 

ature 


Number 

Condition 

2 Inches 



2 Inches 

Strength (KSI) 



1 

As Rec 1 d * 

21 

246 

_ 

- 

246 

-32Q°F 


2 

Annealed 

23 

2 53 

- 

- 

253 

-320°F 


3 

Anneal & 
Heat Treat 

21 

2 50 

- 

- 

2 50 

-320 a F 

BOGL 

4C 

Annealed 

16 

235 

- 

- 

23 5 

-320 a F 


4 

Annealed 

13 *7 

232 

- 

1.6 

286 

-320°F 

B0GL 

S 

Annealed 

13 

225 

- 

7*2 

281 

- 320 d F 

BOGL- Yielded 
in Prestrain 

6 

Annealed 

16 

244 

- 

1,1 

274 

-320°F 

BOGL— Yielded 
in Prestrain 

1C 

Annealed 

14 

232 

- 

1-5 

2 IB 

Room 

BOGL 

3C 

Annealed 

16 

235 

790°F/20hrs 

1*1 

237 

Room 


4D 

Annealed 

12 

214 

790°F/20hrs 

1-05 

228 

Room 


5A 

Annealed 

14 

240 

790 a F/2Ghrs 

1-2 

244 

Room 


1CN2 

As Rec*d, 

- 

2 33 

- 

- 

301 

-320°F 

4 mos - in 
salt bath @ 

2CN1 

As Rec'd, 

- 

233 

— 


228 

Room 

184 KSI 
stress prior 
to failure 
pull 


TABLE V 


TEST RESULTS - HEAT 7-2067 
MATERIAL EVALUATION 


-320»F Pre strain Condition Final Test to Failure 


Specimen 

Number 

Condition 

% 

Elongation 

in 

2 Inches 

Nominal 

Stress 

KSI 

Intermediate 

Heat 

Treatment 

% 

Elongation 

in 

2 Inches 

Nominal 
Ultimate 
Tensile 
Strength (KSI) 

Test 

Temper- 

ature 

Remarks 

1 

As Rec'd. 

25 

260 

_ 

- 

260 

-320°F 


1A 

Annealed 

20 

270 



270 

“320*F 

Taken from 
flo turned 
tube S/N 
US-1 

IB 

As Rec'd, 

28 

258 

* 

- 

2 58 

-320*F 


2 

As Ree'd, 

12.5 

210 

790*F/20 hrs 

5.5 

240 

Room 


3 

As Rec'd* 

20 

252 

790*F/20 hrs 

1,1 

266 

Room 



TABLE VI 


TEST RESULTS - HEAT 7-2099 
MATERIAL EVALUATION 


-320«F Frestrain Condition 
% Nominal 

E longa t ion S tr & s s 

Specimen in KSI 

Number Condition 2 Inches 


Pinal Test to Failure 

% Nominal Test 

Intermediate Elongation Ultimate Temper- 

Heat in Te ns i le a ture 

. .Treatment 3 Inches S treng th f KS I ) Remarks 


1 

As Rec ' d . 

20.5 

276 

- 

- 

276 

-320 

2 

As Rec 1 d , 

12 *7 

223 

790*F/2G hrs 

2 

2 56 

Room 

3 

As Rec'd. 

20, 

264 

79Q°F/20 hrs 

1,8 

286 

Room 


B. Establishment of Welding Parameters 

Investigation was directed toward the improvement of weld 
bead composition, in order to make the weld joint strength more 
nearly equivalent to the parent material strength* It was* there- 
fore, necessary to establish weld parameters for obtaining joints 
which were capable of being stretched to a maximum stress level at 
cryogenic temperature (-320°F) , 

Welds produced in a single pass were deemed advantageous for 
several reasons rather than the conventional double-pass approach* 

The single pass technique reduces carbide precipitation immediately 
adjacent to the weld bead. This reduction was known to greatly 
enhance the cryogenic stretch properties of the material* It also 
would eliminate lack of fusion between passes frequently experienced 
in multi-pass welds* Also* a single pass weld would reduce the 
amount of filler material introduced into the joint. In this 
particular program, carbide growth was not important since all vessels 
would be annealed because of the previously mentioned high carbide 
content in the material* 

The development program consisted of three phases? conventional 
horizontal welding with a vertical torch, three o'clock" welding with 
a horizontal torch, and horizontal welding with a closely controlled 
pressurized gas back-up and vertical torch. In all cases, the semi- 
automatic tungsten inert gas (TIG) welding process was used, with 
helium torch gas and argon back-up gas. Specific objectives were: 
Develop settings and speeds 
Establish weld joint preparation 
Determine filler rod size 
Determine carbide distribution 

Develop control of underbead as well as overhead 
Produce strong, stretchable welds 
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Phase 1 - Conventional Horizontal Welding 


Effort in this phase was initiated with single pass 
welding on available 1/4" 301 stainless steel (See Figure 12) * 

When heat 86Q6B became available, welds were made in the *220 inch 
thick material. Both single and double pass welds were checked in 
order to verify the choice of single pass welding (See Figures 13 
and 14} . Various joint designs and welding parameters were utilized 
with this conventional vertical torch horizontal welding (See 
Figure 15) * After producing thirty (30) samples, add reviewing them 
metallographically, it was determined that no combinations of the 
variables produced acceptable joints. Weldments either exhibited 
lack of penetration or drastic overhead concavity* Concavity 
resulted from gravity effects on the mass of molten metal* See 
Figures 16 and 17 for an example of this type of weld* Note the 
concavity and drop- through that is exhibited - 

Phase 2 - "Three O' Cock” Welding 

This method, where the torch is held in the horizontal 
position, (See Figure 16) was investigated as a means of reducing 
the effect of gravity on the weld* Joints shown in Figure 17 were 
produced with this method* Welds were generally more satisfactory 
than those made in Phase 1, except for occasional shallow undercuts 
on the upper edge of the fusion zone* Porosity was frequently present 
in the fusion zone as well* 

Phase 3 - Vertical Welding with Pressurized Inert Gas Back- CJ d 

Pressurized argon gas back-up was utilized to support the 
weight of the molten veld puddle* It was found that the required 
pressure could conveniently be controlled through the use of a 
manometer- This procedure produced excellent welds in both "V" joint 
weld and butt weld specimens (See Figures 16 and 17) , Consequently, 
this method of welding was selected for the deliverable hardware in 
this program, with a 100% land weld preparation* 
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Mount 100X 

SINGLE PASS WELD - 1/4" PLATE 
301 STAINLESS STEEL 
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Mount 100X 

DOUBLE PASS WELD - BASE MATERIAL 
ANNEALED PRIOR TO WELDING, .220 
THICK PLATE HEAT 8606B 


-5a- 




not reproducible 


WELD DEVELOPMENT 



Mount 10 OX 

SINGLE PASS WELD - BASE MATERIAL 
ANNEALED PRIOR TO WELDING p 220 
THICK PLATE HEAT 86Q6B 
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C. Mechanical Testing 


1- Structural and Notch Testing 

Tensile specimens were fabricated for mechanical testing 
using rolled plate stock produced from heat 8606B. Specimens 
were cut both parallel (marked Ml) and transverse (marked N2) . 
to the rolling direction of the material. One-half of the 
specimens were welded -across the gage section for evaluation of 
welded Ardeform material... These tensile specimen configurations 
are shown in Figures 18. and 19. 

The welded specimens were fabricated with a centrally 
located 100% penetration single pass weld using 308 weld wire. 

The "3 o'clock" weld operation was performed to effect a straight 
butt joint weld. As noted in Section IV B some weld repairs were 
required to correct shallow undercutting. At this point in .the 
program., pressurized gas back-up welding -previously described had 
not been completely developed. 

■All specimens were annealed, pickled and passivated per 
■&'rde. Specifications., and then shipped to Huntsville Division, 

Thiokoi Chemical Corporation for cryogenic prestraining and testing. 

Eighty- seven (87) samples were cryogenically prestressed’ 
in. liquid nitrogen ah a nominal stress level of 2’35,0’00 psi. After 
prestress, the entire group of specimens were equally subdivided 
into small groups for’ further testing in accordance with- the schedule 
shown in Table VIT. 
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TABLE VII 


MECHANICAL TESTING PROGRAM 


SMOOTH TENSILE TESTING 


Quantity 

Part Number 

Temp, of Test 

Orientation 

Material 

6 

SKC 

10002N-1 

-320 

Longitudinal 

Unwelded 

6 

SKC 

10002N-2 

-320 

Transverse 

Unwe lded 

5 

SKC 

10002N-1 

Robin Temp, 

Longitudinal 

Unwelded 

6 

SKC 

10002N-*2 

Room Temp, 

Transverse . 

Unwelded 

5 

SKC 

10003KI-1 

-320 . 

Longitudinal 

Welded 

5 

SKC 

10003N-2 

-320 

Transverse 

Welded 

5 

SKC 

1000 3N-1 

Room Temp. 

Longitudinal 

Welded 

5 

SKC 

1000 3N-2 

Room Temp. 

Transverse 

Welded 


NOTCHED TENSILE TESTING 


Quantity 

Part Number 

Temp, of Test 

Orientation 

Material 

6 

SKC 

1G004N-1 

-320 

.Longitudinal 

Unwelded 

6 > 

SKC 

10004N-2 

i -320 

Transverse 

Unwelded 

6 ' 

SKC 

10004N-1 

Room Temp. 

Longitudinal 

Unwelded 

6 

SKC 

10004N-2 

Room Temp* 

Transverse 

Unwelded 

5 

SKC 

1000 5N-1 

-320 

Longitudinal 

Welded 

5 

SKC 

1000 5N- 2 

7320 

Transverse 

Welded 

5 

SKC 

1000 5N-1 

Room Temp. 

Longitudina 1 

Welded 

5 

SKC 

10005N-2, 

Room Temp . 

' Transverse 

Welded 



The load value-, elongation, and stress level data determined 
during the prestressing operations of these specimens are shown on 
Tables VIII through XV. It is evident from these data that the 
desired level of stress, 235,000 psi, was established in each 
specimen resulting in reasonably uniform elongation (10 to 12 percent) 
of the gauge length. 

The loads to be employed with these specimens were predetermined 
by first establishing the area of the gauge length and multiplying 
this value by the desired prestress level (235,000 psi) . 

A stress strain record was made for each specimen during the 
prestressing operations, carefully recording both the load and 
strain which resulted. The elongation -and stress were determined 
for each specimen from these data. Elongation was further sub- 
stantiated by metallurgically measuring the extension of the 
gauge length after each sample was prestressed. 

Figure 20 is a typical stress-strain curve, as recorded for 
Specimen No. 7 showing the load and strain resultant from this 
prestressing operation. 

The physical properties for each specimen tested are shown in 
Tables XVI through XIX. It may be noted that half of the specimens 
from each panel were tested at ambient, while the other half were 
tested at -320°F. A careful analysis of these data indicates that 
the yield strength varied between 214,000 and 224,000 psi, with an 
elongation of 10 to 13 percent when tested at ambient. At -320 °F 
the material demonstrated a yield strength of 296,000 to 308,000 psi 
yield strength, with 10 to 12 percent elongation. 

Figure 21 is a typical stress-strain curve for Specimen No. 4, 
which was tested at ambient, indicating both load and strain. From 
this record, a yield strength of 0.2 percent offset was determined. 
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TABLE VIII 

PRE-STRESSED 301 STAINLESS 


Dwg. No. • Before ' • . After 

Spec. No. Thickness Width Area Load Elong., 7„2" Stress psi Thickness . Width Area 


SK 10002 

1 

N- 

i 

1 

1 


* 1 

• 

1 

1 


i 

1 

1 


1 

1 

1 

1 


1 

» 

j 

.2230 

1 

| 

1;4830 

.331 * 

77800 

| 

12 

' 235,000 

1 

.2120 


i .421 i 

.3013 

2* 

i 

l 

.2160 

1 

1.4530 

.3138 t 

73800 

1 

1 

4.5 

. 235,200 

1 

\ 

.2110 

1 

1 

1.425 

.3007 

3 

I 

i 

.2200 

1 

1 

1.4840 

.3265 . 

76700 

1 

» 

12.6 

i 

. 234,900 

1 

1 

.2090 

1 

1 

1.420 , 

.'2968 

4 

i 

i 

.2200 

J 

1 

1.4860 

.3269 , 

76800 

1 

1 

13.6 

! 234,900 

1 

.2080 

1 

f 

1.421 | 

.2956 

5 

i 

i 

’.2210 

1 

1 

1.4900 

.3293 | 

77400 

1 

1 

13.0 

| 235,000 

1 

1 

.2100 

1 

I 

1.423 | 

.2988 

*This bar 

pre 

i 

-stressed' 

to 47,700 load 

i K < 

lbs, and 

i 

returned 

to 0 prior to 

pre- 

stressing 

to 235,000 

psi. ' 

6 

i 

1 

.221 

1 

1.479 

..3269 < 

76800 

1 

13. O' 

1 

r 234,900 

i 

i 

.210 

1 

1 

i 

1.413 . 

.2967 

7 

i 

i 

.222 

1 

1 

1.466 

1 

.3255 . 

76900 

1 

1 

13.5 

, 236,300 

f 

i 

'.211 

1 

1 

1.400 , 

.2954' 

8 

i 

\ 

.222 

1 

1 

1.471 • 

.3266 ! 

76750, 

1 

1 

12.0 

, 235,000 

i 

,.211 

r 

i 

1.406 | 

.2967 

9* * 

i 

i 

..2140 

1 

\ 

1.436 

.3073 ] 

72200 

1 

10.0 

| 234,900 

i 

i 

.2130 

i 

l 

1.435 | 

.3057 

10 

i 

.2190 

1 

1.480 

.3241 ' 

76200 


• 

235,100 


Broke 

while pre-stressing. 


** This bar prestressed to 50,000 load lbs. and. returned to 0 .prior to prestressing to 235,000 psi. 



TABLE IX 

PRE-STRESSED 301 STAINLESS 


Dwg. No, Before After 

Spec, No, Thickness Width .Area Load Elong, , 42 Stress, psi Thickness . Nid th 


SK 10002 


1 

1 


1 

1 


1 

1 

1 


1 

• 

1 


■ 

1 

1 


N-2 


1 


1 


1 




235,000 

1 

.2115 


1 

.2986 

1 

.2220 

1 

1.482 

l 

.3290 

1 

77300 ' 

13.0 

1 

1 

i 

‘ 1 

« 1.412 

1 

| 

2 

.2225 

1 

1 

1.481 

1 

1 

.3295 

1 

1 

Void 1 

| 

Spec, failed during, prestiressing. 

i i 

i [ 

1 

t 


3 

.223 

1 

1 

1.481 

1 

.3303 

l 

1 

77600 > 

13.0 

I 

234,900 

t 

.212 

, 1.411 

i 

1 

.2991 

4 .. 

.2225 

1 

* 

1.484 

I 

1 

.3302 

1 

1 

1 

77600 i 

. 12.5 

1 

1 

235,000 

1 

i 212 

| 1.412 

1 

J 

.2993 

5 

.,222 

1 

t 

1.490 

1 

l 

.3308 

l 

77700 , 

12.5 

1 

234,900 

1 

1 

.212 

! 1.422, 

1 

\ 

.3015 

6 . 

,222 

1 

| 

1.486 

1 

| 

.3299 

) 

77500 | 

12.0 

1 

1 

234,900 

1 

1 

.212 

| 1.417 

\ 

1 

.3004 

7 

.222 

1 

| 

1.481- 

1 

1 

.3288 

1 

77300 ; 

12.0 

r 

i 

235,100 

1 

\ 

.212 , 

' 1.416 

1 

I 

.3002 

8 

.222 

1 

1.483 

1 

1 

. 3292 

1 

77400 J 

12.0 

i 

i 

235,100 

1 

l 

. .2110 

' 1.416 

1 

1 

.2988 

9- 

.222 

1 

1 

1.482 

1 

1 

.3290 

I 

1 

77300 ' 

i 

12.0 

i 

i 

235,000 

1 

1 

.2115 

' 1.414 

\ 

1 

.2991 

10 

.222 . 

1 

1 

1.484 

* 

1 

.3294 

1 

1 

77400 1 

12.0 

i 

t 

235,000 

1 

1 

.212 

■ 1.417 

1 

.3004 

11 

.2220 

1 

1 

1.481 

r 

i 

.3288 

1 

1 

77300 ' 

| 

11.5 

I 

235,100 

1 

| 

.2115 

i 1.414 

1 

f 

1 .2991 

12 

.2220 

1 

1 

1.472 

i 

i 

.3268 

1 

76800" • 

12.0 

i 

235,000 

1 

.2110 • 

i 1.405 

1 

r 

.2965 



TABLE X 


PRE-STRESSED 301 STAINLESS 


Dwg, No. Before * ’ After 

Spec. No.- Thickness Width Area Load Elong., %2 Str., Psi Thickness . Width Area 


SK 10003 
N-l Weld 


i 

. .215 . 

1.484 

I 

.3191 

. 75000 

1 

11.0 

. 235,000 

‘ .203 


1.423 

, .2889 

2 

. .2165 , 

1.492 

1 

i 

.3230 

, 76000 

1 

1 

11.0 

, 235,300 

.207 

1 

* 

1.431 

! .2962 

3 

;• .2140 , 

1.474 

l 

i 

.3154 

| 74100 

1 

1 

11.0 

| 234,900 

j 203 

b l 
\ 

1.411 

| .2864 

4 

t 1 

, .2130 , 

1.482 

i 

\ 

.3157 

| 74200' 

1 

1 

.11.0 

j 235,000 

.203 

i 

i 

1.419 

*’ :2881 

r 

5 

! . -2i7 ; 

i.483 

i 

i 

.3218 

,j‘ 75600 

l 

11.0 

| 234 j 900 

.205 

1 

t 

1.409 

’ .2888 
i 

6 

' .215 ' 

1.483 

i 

i 

.3188 

1 75000 

i 

t 

1 

11.0 

235,300, 

i 

.205 

l 

i 

1.420 

1 .2911 

1 

7- 

1 ' .215 ’ ' 

t i 

1.477 

i 

i 

.3176 

' 24200 
i 

1 

1 

— 

' 76,200 

Spec . 

failed in weld, 1 

■ . i 

8 

1 .215 ' 

i i 

1.487 

i 

l 

.3197 

1 75‘>00 

J 

1 

| 

11.0 

'• 235,200 

.204 

r 

1.424 

■ i 

1 .2905 

9 

» .2160 » 
| j 

1.480 

i 

1 

.3197 

• 75100 

< 

11.0 

i 234,900 

.205 

i 

j 

1.421 . 

J 

. .2913 

10 

. .2170 .. 

1.480 

1 

\ 

.3212 

1 

. 75700 

l 

i 

11.0 

. 235,700 

•. .206 

i 

i 

1.419 

.2923 



PRE- 


Dwg. No. Before 

Spec. No. Thickness Width Area Load 


' 1 
SK f0003 1 


1 


1 

1 


. N-2 
*1 

Weld 

i 

,203 

i 

1 

1.490 

• .3025 

i 

• 58200 

*2 

i 

.213 

1 

1.486 

• .3165 

i 74400 

*3 

i 

.213 

1 

1 

1.488 

1 

l .3169 

J 

, 74500 

*4 

i 

.215 

1 

1 

i.486 

, ;3195 

| 66700 

*Weid 

i 

Beads 

i 

ground 

i 

flush before pre- 
1 - . 1 

1 

stressing 

6 

i 

.212 

1 

1.490 

1 .3159 

• 74200 

7 

i 

.215 

1 

1.480 

• .3182 

1 

i 74800 

8 

i 

i 

.221 

1 

l 

1.485 

, .3282 

77100 

9 

i 

i 

.222 

1 

1 

1.478 

, .3281 

, 77100 

io 

i 

i 

.214 

1 

1.467 

| .3139 

| 73800 

11 

i 

.214 

I 

I 

1.484 

i .3176 

, 74600 

12 

i 

-.214 

1 

1 

1.482 

| .3171 

I 74500 


TABLE XI 




TABLE XII 


PRE.- STRESS ED 301 STAINLESS 


Dwg. No. . 
Spec. No. 

Thickness 

Before 

Width 

Area 

Load Elong.., %2" 

Stress psi 

Thickness 

After 

Width 

Area 








SK 10004 

1 

1 





1 

1 

1 


1 


N-l 

t 

, 




! 

1 


* 


1 

} .217 

1.481 

• .3214 

75500 . . 

.13.5 

i 234,900 

1 

.205 

i 1.417 

.2905 

2 

i .218 

1.489 

. .3246 

76300 i 

13.5 

1 

, 235,100 ‘ 

1 

1 

.203 

1 

, 1.426 ' 

.2895 

3 

, .215 

1.478 

, .3178 

74700 , 

13.0 

, 235,100 

J 

1 

.202 

! 1.416 

.2860. 

4 

! .216 

1.487 

| .3211 

75500 | 

13.5 

| 235,100 

I 

1 

.203 • 

| 1.423 

.2889 

5 

| .214 

1.481 

' .3169 • 

74500 | 

■13.0 

| 235,100 

1 

1 

.202 

| 1.417 

,2862 

6 

| .212 

1.483 

| .3144 

73900 

li.5 

' ‘ 235,100 

1 

1 

.202 

'‘1.423 ' 

1 

.2874 

7 

' .216 
1 

1.479 

' .3195 ' 

75100 ' 

12.5 

' 235,100 

i 

1 

1 

.205 

1 1.415 

.2901' 

. 8 

' .215 

1 

1.488 

' .3199 

75200* ' 

•12.5 . 

' 235,100 

| 

1 

l 

.203 

1 1.425 

.2893 

9 

' .213 

I ] 

1.480 

1 .3152 

74100- ' 

13.0 

« 235,100 

1 

l 

I 

.201 

' 1.418 

.2850 

11 

' .216 •' 

1.480 

• .3197 

75100 i 

13.0 

1 

• 234,900 

1 

1 ‘ 

.204 

1 

• 1.418 

.2893 

12 

• ,214 i 

1.479- 

i .3165 

74400 . 

13.0 

1 

i 235,100 

1 

.202 

t 

. 1.421 

.2870 



TABLE XIII 


PRE-STRESSED 301 STAINLESS 


Dwg. No. 
Spec. No. 

Thickness 

Before 

Width 

Area 

Load 

Elong., 7,2" Stress psi 

Thickness 

After 
Wid th 

Area , 



’ 




SK 10004 i 

* 

- 

i 

i 

i 

1 

1 

' 



1 

1 

N-2 , 



i 

i 

1 




! 

1 , 

.222 

. 1-466 

' .3255 
| 

, 76500 

' 13.5- 

235 , 000 

.209 

1.402 

» .2930 

2 , 

.220 

1.483 

* .3263 

| 76700 

• 13.0 

235,100 

.207 

1.417 

i -.2933 

3 | 

.221 

1.477 

1 

. ‘.3264 

' 76700 
1 

1 

• 13.5 

235,000 

.21.1, 

’ 1.407 

, .2969 

4 -J 

.221 

1.463 

f 

, .3233 

' 76000 

( 

; 13.0 

. 235,100 

.210 

1.396 

j .2932' 

5 ' 

.220 

1.497 

, .3293 

1 77400 
| 

! 12.5 

.235,000 

.210 

1.430 

| .3003 

6 1 

.219 

1.489 

| .3261 

' 76600 
1 

| 13.0 

234,900 

‘ .207 

1.420 ' 

| .2939 

7 ' 

. .220 

1.466- 

' .3225 

1 

• 75800 

| 13.5 

235,000 

.206 

1.395 

' -.2874 

8 • ' 

.219 

1.514 

| .3316 

1 

. 78000 

' • 13.0 

i 

235,200 

.208 

1.443 

1 .3001 

9 i 

.219 

1.467 

1 .3212 

l 

, 75500’ 

' 13 . 5 

i 

235,100 

.207 

1.394 

' .2886 
i 

10 , 

.220 

1.489 

1 .3276 
| 

, 77000 

' 13.0' 

) 

235,000 

.207 

1.419 

' .2937 
| 

11 ; 

.219 

1.277 

' .2797 
1 

| 65700 

' 13.0 

t 

234,900 

.206 

1.237 

i .2548 

12 ] 

.219 

1.259 

i 

• .2757 

' 64800' ‘ 

i 

1 

« 13.5 

234,700 • 

! 206 

1.200 

, .2472 



TABLE XIV 


PRE-STRESS 301 STAINLESS 


Dwg. No. Before After 


Spec. No. 

Thickness . 

Width 

.Area. 

Load 

Elong., %2 

Stress psi 

Thickness 

Wid th 

Area 

SK 10005 
-N-l 
1 

(Welded) 

.23.5 

1.477 

.3176 

74600 

12.0 

234,900 

.204 

1.411 

.2878 

2 

.214 

1.443 

.3088 

72600 

12.0 

235,100 . 

.202 

. 1.380 . 

.2788 

3 

.217 

1.474 

.3199 

61800 

— 

193,200 

Spec . 

failed . 


4 

.214 

1.481 

.3169 

74500 

12.5 

235,100 

.199 

1.418 

.2822 

5 

.216 

1.479 

.3195 

’ 75100 

12.5' 

235,100 

.205 

1.414 

.2899 

6 

.212 

1.443 

.3059 

71900 

13,0 

235,000 

.200 

1.379 

.2758 

7 

..213 

1.482 

.3157 

74200 

12.5 

235,000 

.196 

1.417 

.•2777 

8 

.214 

1.484 

.3176 

74600 

12.5 

234,900 

.201 

1.417 

.2848 

9 

.216 

• 1.476 

.3188 

74900 

12 .5 

234,900 . 

.202 

1.409 

.2846 

10 

.214 

1.473 

.3152 

74100 

12.5 

235,100 

.200 

1.409 

'.2818 



TABLE XV ' 

PRE-STRESSED 301 STAINLESS 


Dwg. No. Before After 

Spec. No. Thickness Width Area Load Elong. . %2 Stress psi Thickness Width Area 


SK 10005 
1 ■ 

N-2 (Welded) 

.2220 1.490 

.3308 

33000 

2 

.225 

1.478 

.3326 

78200 

3 

.215 • 

1.473 

.3167 

69900 

4 

. . 225 

1.476 

.3321 

78000 

5 

.225 

1.471 

.3310 

77800 

6 

.220 

1.467 

.3227 

75800 

7 

.2140 

1.475 

.3157 

74200 

8 

.2130 

1.475 

.3142 

73800 

9 

.2200 

1.482 

.3260 

65800 

10 

.222 

1.488 

.3303 

77600 


“ - - 

99800 

Spec . 

failed . 


13.0’ 

235100 ■ 

.216 

1.410 

.3046 

— 

220700 

Spec . 

failed. . 

| 

13.0 

234900 

.213 

1.415 

.3014 

13.0 

235000 

.211 

1.406 

.2967 

13.0 

234900 

.207 

1.404 

.2906 

12.5 

235000 

.203 

1.408' 

,2858 

12.5 

234900. ‘ 

.201 

1.411 

.2836 


201800 

Spec . 

failed . 


12.5 

234900 

.210 

1.423 

.2988 
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TABLE yVT 


EVALUATION OF' CRYOGENICALLY STRETCH FORMED 301 AUSTENITIC STAINLESS STEEL 

<V 4J 


Spec . 
No. 

Dimension in 
•Thlc. Wdth. 

Area 
Sq. In.- 

Ult. Ld. 
lbs. 

0.2% Offset' 
Y. Ld. lbs,; 

SQ SQ 
G 

O <1) 

‘ •-) 

Elong. 

* % . 

Ultimate 
Stress psi 

0.27o Offset 
Y. Stress psi 

SK 10002 N-l 

Tested 

at ambient. 






1 

.212 

1.421 

.3013 

68200, 

67700 

2 

12.5 

226,400 

224,700 

2* 

.2110 

' 1.425 

. .3007 

66200 

61700 

2 

13.5 

220,200 

205,200 

3 

.2090 

'1.420 

.2968 

67700 

66200 

2 

11.0 

228,100 

223,000 

4 

.2080 

1.421 

.2956 

67700 

66000 

2 

12.0 

‘ 229,000 

223,300 

5 

.2100 

1..423 

.2980 

68500 

67000 

2 

12.0 

229,900 

224,800 




, Tested 

at -320°Fi 






6 

.210 

1.413 

.2967 

91200 

91000 2 

9.0 

307,400 

.306,700 

7 

.211 

1.400 

.2954 

91000 

91000 2 

10.5 

308,100 

308,100 

8 

.211 

1.406 

.2967 

• 91200 

90800 2 

10.5 

307,400 

306,000 

9* 

.213 

- 1.435 

.3057 ' 

89300 

8L000 2 

12.5 ■ 

292,100 

265,000 

*These 

specimens were 

pre-stressed twice, 

see prq- stressing 

data for 

further information. 



:table xvii 


Spec . 
No. 

Dimens 

Thk. 

EVALUATION. OF . CRYOGENICALLY 

STRETCH FORMED 

i 301 

AUSTENITIC STAINLESS 

STEEL 

ion in 
Wdth. 

Area 

Sq.In. 

Ult. Ld. 
lbs. 

0.2% Offset 
Y. Ld. ibs. 

* pC 
CD 4l> 

to to 

O Q) 

Elong. 

. % 

Ultimate 
Stress psi 

.0.2% Offset 
Y. Stress ps 

SK 100.02 N2 

Tested at ambient. 


■ 

■ 



1 

.2115 

1.412 

.2986 

67600 

65500 

2 

12.0 

• 226,400 

219,400 

3 

.212 

1.411 

.2991 

68500 

66900 

2 

.12.0 

229,000 

223,700 

4 

.212 

1.412 

.2993 

68000 

66400 

2 

12.0 

227,200 

'221,900 

5 

.212 

1.422 

.3015 

67800 

65300 

2 

10.0 

224,900 

216,600 

6 

.212 

1.417 

.3004 

68700 

65900 

2 

• 11.5 

228,700 

219,400 



Tested at -320°F. 






7 

.212 

1.416 

.3002 

90200 

90000 

2 

11.5 

300,500 

299,800 

8 

.211 

1.416 

.2988 

■ 90400 

90200 

2 

10.0 

302,500 

301,900 

9 

.2115 

1.4.14 

.2991 

89900 

89900 

2 

12.0 

300,600 

300,600 

10 

.212 

1.417 

.3004 

90300 

89600 

2 

* 

300,600 

298,300 

11 

.2115 

1.414 

.2991 

90000 

89500 

2 

7 ; 5 

300,900 

299,200 

12 

.2110 

1.405 

. 2965 

89400 

89000 

2 

9.6 

301,500 

300,200 


*Piece missing, bannot measure elongation. 



TABLE "XVI XI 


EVALUATION OF CRYOGENIGALLY STRETCH FORMED 301 AUSTENITIC STAINLESS STEEL 


<u +J 


Spec. 

No. 

Dimension in 
Thk. Wdth. 

Area 

Sq.In. 

Ult. Ld. 
lbs. 

0,27<, Offset 
Y. Ld. lbs. 

bO bO 
d £ 
O 0) 
*-l 

Elong. 

% 

Ultimate 
Stress psi 

0.2% Offset 
Y . St ress psi 

SK 10003 

N-l 

Weld 

Tested 

at ambient. 






I 

.203 

1.423 

.2889 

66000 

63000 

2 

13.0 

228,500 

218,100 

2 

.207 

1.431 

.2962. 

66300 

63500 

2 

11.5 

223,800 

214,400 

3 

.203 

1.411 

.2864 

65200 

62700 

2 

13.0 

227,700 

218,900 

4 

.203 

' 1.419 

.2881 

64900 

62700 

2 

11.0 

225,300 

217,600 

5 

.205 

1.409 

' .2888 

66000 

63600. 

2 

8 ; 0* 

228,500 

220,200 




Tested 

at -320°F. 






6 

.205 

1.420 

.2911 

' 87500 

86300 

2 

11.0 

300,600 

296,500 

8 

.204 

1.424 

.2905 

87800 

87200 

2 

li.o 

302,200 

300,200 

9 

.205 

1.421 

.1913 

87800 • 

87000 

2 

10.0 

301,400 

• 298,700 

10 

.206 

1.419 

.2923 

88800 

87500 

2 

BOGL 

303,800 

299,300 


*Spec. Bfcolce near gage mark 



table yry 


EVALUATION OF CRYOGENICALLY STRETCH FORMED 301 AUSTENITIC STAINLESS STEEL 


Spec. 

.No. 

Dimension in 
Thk. -Wdth. 

Area 

Sq.In. 

Ult. Ld.- 
lbs. ’ 

0.2% Offset 
Y. Ld. lbs. 

Gage 

Length 

E long . 

.% 

Ultimate 
Stress psi 

0.2% Offset 
Y. Stress ds! 

SK10003 N-2 Weld 

Tested at 'ambient. 






2 

.202 

1/421 

' .2870 

66200 

63900 

2 

11.0 

230,700 

22,2,600 

3 

.302 

1.422 

.2887. 

' 65200 

64000 

2 

11.5 

225,800 

221,700 ■ 

6 

.204 

1.430 

.2917 

65400 

62600 

2 

11.0 

224,200 . 

214,600 

7 

.2035 

1.416 

.2882 

65900 

63300 

2 

BOGL 

228,700 

219,600 

8 

‘.2100 

1.419 

.2980 

68500 

65300 

2 

12.5 

229,900' 

219,100 


9. 

;211- 

Tested at 
.1.414 .2984 

-320°F. 

90700 

89400 

2 

BOGL 

304,000 

299,600 

10 

.204 

1.399 

.2854 

86700 

85900 

2 

■9.5 

. 303,800 

301,000 

11 

.204 

1.421 

.2899 

87500 

86000 

2 

12.0 . 

301,800 

296,700 

12 

.204- 

1.417 

.2891 

87400 

86300 

2 

ii.d 

302,300 

298,500 
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Figure 22 illustrates the test set-up and tensile specimens 
before and after test that were employed to establish the physical 
properties of the material. The cryostat shown is used to contain 
liquid nitrogen during the testing operation. The specimen is 
mounted between the jaws of the tensile testing machine and is 
enclosed by the insulated cryostat. A cryogenic extensometer with 
a mechanical take-off may also be seen in the picture. 

Tables XX through XX . Lu define the plain strain fracture tough- 
ness values, K^,, for the specimens coming from each panel when 
tested at both ambient and -320°F. All of these values were 
determined by using a center notch specimen containing a fatigue 
crack part way through the specimen. Careful attention was given 
to the establishment of a fatigue crack of sufficient size such 

that o" was always less than (f . Thus, a valid K_„ value was 
nom ys * IC 

obtained on each specimen tested. 

It may be noted that the lowest K value for this material, 
when tested at ambient temperature, was 92.8 Ksi ,/in . , while the 
highest value was 105 Ksi /in . Attention is directed to the 
uniformity of these test data. 

The K Jc values for the material tested at -320°F are much more 
erratic than those obtained at ambient temperature. These values 
range from a low of 69.3 Ksi /in. to a high of 104.8 Ksi /in.; 
however, most of the values derived from these tests indicate that 
the material has a K^ c value of approximately 85 Ksi /in. when 
tested at -320°F. See Figure 23 for notch specimen photographs. 

In order to further substantiate the validity of K values 
described above, eight additional tests were carried out at ambient 
temperature to determine the K value by the single edge notch -tensile 
test. This test employs the electrical potential method of determin- 
ing "pop- in" load. A review of the data contained in Table XXIV 


61 



will show excellent agreement obtained between values determined 
by the SEN method and that obtained from the PTC test method. 

It may be noted that these test values average approximately 
•105 Ksi.y/in. for the material at ambient temperature. 

It should be noted that the weld bead was ground flush with 
the parent material after prestressing the specimens. This, of 
course, insured determination of the weld bead properties. 
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Cryogenic Testing of 301 Stainless Steel 



TABLE XX* 


PARTIAL THICKNESS (K Ic ) TEST SPECIMENS 


CRYOGENIC PRE-STRESSED 301 STAINLESS 

SKC 10004N-1 (Non Welded) 




TABLE XXI 


SKC 10004 N— 2 (Non-Welded) 


PARTIAL T HICKNESS (K Ic ) TEST SPECIMENS 
CRYOGENIC PRE- STRESSED 301 STAINLESS 


spec.! % R A fp K 
No- I Ci-TH. (a\ 


C-Rt\cK 
DPTht. (&', 

b A 

o- 

noM 

c r r\oM 
a~ ys 

cr V'z. 
sv '. ys 

crjy 

O.X\X-tfy s % 

fan'll 


3.77<r' 


x b 


3.77 ezLk V 


-LA-. 


0.121 iBad crack. 


K-10P04 N-2 1 

1 , 0.296 ' 
i 

0.148 

1 

*166,200 

1 r 

*0.755 * 
| | 

0.570 

2 

1 

1 

1 

0.150 ' 

0.089 

1 

1 0.593 

i213,100 

1 1 
. 0.968 . 

0.937 

3 

l 

1 

1 

0.167 • 

0.105 

1 

1 0.629 

.199,400 

, 0.906 , 

0.820 

4 

1 

1 

1 

0.134 . 

0.092 

1 

, 0.687 

,217,300 
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2 . Stress Corrosion. Testing 


Eight tensile specimens were prepared from heat 8606B rolled 
plate stock for stress corrosion testing. They were of the bent beam 
type, and were cut from the plate material in the direction of 
rolling. For convenience, the material thickness was reduced by 
machining from one side only. This permitted the examination of 
any surface effects on the stress corrosion resistance of the 
material. One-half of the specimens were machined from one side 
of the plate, and the other four from the other side, so that both 
surfaces could be evaluated. A series of tests evaluating the 
stress corrosion resistance of cryogenically stressed 301 has been 
performed by the Mellon Institute and is reported in their report, 

"C. J. Owen, STRESS CORROSION OF HIGH STRENGTH STEELS AND ALLOYS", 
dated December of 1962. 

Inasmuch as the work performed by the Mellon Institute indicates 
that the only anion to which stress corrosion susceptibility is shown 
is chloride, the corrosion medium employed was sodium chloride 
solution . 

A .75 normal salt solution was employed to approximate sea 
water conditions. Since the molecular weight of sodium chloride 
is 58, the .75 normal solution may be converted as follows: 

♦ 75 x 58 qms NaCl - 43 . 5 = 

1000 gms solution 1000 

4.35% salt solution 

After machining operxtions were completed the specimens were 
cleaned in accordance with Arde Engineering Specification AES 253, 
pickled per AES. 251 and passivated per AES 254 to simulate the . 
treatments to which vessels would be subjected in actual fabrication. 
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All specimens were cryogenics lly pres trained to a true 
stress of 255 KSI (nominal stress of 233 KSI) . 

Each specimen then was loaded in a fixture to a strain of 
7600 micro- inches/ inch, or a stress- of 184 KSI (Nominal) . See 
Figure 24. On March 25, 1966 each specimen was loaded in the 
fixture, and placed in the salt solution. These specimens were 
removed on August 3, 1966. Air was bubbled through the solution 
during the entire duration of the test. Solution -normality was 
checked and maintained weekly. See Figure 25. 

Upon removal from the salt solution, all specimens were dye 
penetrant inspected. No dye. check indications were found. One 
of these specimens was microsectioned. No indication of stress 
corrosion was found. 

One specimen was pulled to a cryogenic failure at a nominal 
stress of 300 KSI. Another specimen was pulled to a nominal room 
temperature failure stress of 228 KSI. Previous data taken for 
this heat of material indicates that specimens which had been 
subjected to a true cryogenic stress of 255 KSI should exhibit a 
nominal cryogenic failure stress of 287 KSI, and a nominal room 
temperature failure stress of 218 KSI. The increased strength 
exhibited by the corrosion test specimens is undoubtedly due to 
normal room temperature aging effects exhibited on other heats 
of material previously tested. 

'The Ardeform tensile specimens used for this corrosion test 
program were not affected, in any way, by the salt water solution. 
No evidence of stress corrosion cracking in .75 normal Na . Cl. 
solution was evident in Ardeform 301 material stressed to a level 
of 85% of yield over a period of 127 days. 
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Investigation of Spin-Over Process 


It was the intent that this phase of the program demonstrate the 
feasibility of partially closing, or spinning-over the ends of a 
seamless cylinder to permit the eventual incorporation of machined 
bosses by welding. It was anticipated that a follow-on of this 
development effort, at a later date, would result in the successful 
demonstration of a completely integral, seamless pressure bottle, 
tt was recognized that this later feature is highly de si rable; 
however, was not a part of the scope of the subject program. 

Several processing techniques were investigated as a means of 
spinning-over the ends of seamless cylinders. The majority of the 
techniques required a seamless cylinder with a wall thickness many 
times greater than that contemplated in this program. After careful 
evaluation it appeared that a hot- spinning technique provided the 
most promising approach. This process is presently applied to the 
high production fabrication of gaseous and liquid cylindrical 
storage vessels meeting the very rigid ICC and ASME standards, 

The process of hot- spinning consists of preheating a cylindrical 
section or tube. The cylinder is then clamped in a "col let- type" 
chuck on a hydraulically operated spinning machine. A hydraulic 
actuated tool is forced against the end of the spinning cylinder* 

Cos heaters are used during the spinning process to maintain part 
temperature* 

This phase of the program utilized SA 53 Grade B carbon steel 
tubing 10.75 inch Q*D. by *250 inch wall for development. This 
represented the closest available size to the requirement of 11.40 
inches 0 D. by .220 inch wall for the final stainless steel version. 
This investigation showed feasibility of the process and demonstrated 
repeatability in this heretofore untried diameter. 
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The hot spinning investigation was carried on at the Mari son 
Company, Elgin, Illinois, with both Arde-Portland and NASA - MSFC 
personnel present* 

Marison was able to easily produce a spun over head with a five (5) 
inch opening per the detail drawing supplied to them. It was then 
arranged to have them spin over the ends to a point where material 
thickness would begin to increase appreciably* This occurred at 
about a two and one half (2 1/2) inch opening* The next version 
produced was a fully closed round end* AH heads were removed from 
the cylinders, sectioned, and shipped to Arde for evaluation, 

Marison also supplied a section from a fully closed end with an 
integral external boss for evaluation. This shape had been produced 
with ,250 inch wall SAE 4130 tubing. 

In the course of this work, it became apparent that some tooling 
costs might be eliminated if the length of the integral bottle 
could be increased in the range of six to ten inches* The spinning 
machine to be used for this program would have required holding 
devices between the chuck and the forming tool* However, increasing 
the cylinder length would enable Marison to use existing tooling. 
Inasmuch as there was no requirement to hold both the roll and weld 
version, and the integral head version to the same length, Marison 
was asked to supply an exact length dimension for tubing to be supplied 
to them* The Parsons Corp * , Traverse City, Michigan, suppliers of 
the floturned cylinders, were then asked to furnish an anticipated 
maximum length dimension in order to resolve this change. 

Micro and macro evaluations were made on the closures spun by 
Marison* As may be seen in Figure 26, there is virtually no 
structural difference between closures spun to different extents* 

As expected, the carbon steel is not too clean, but no flaws are 
in evidence. Figure 27 is an indication of 4130 steel taken adjacent 
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to the boss area on the heed that had an integral boss spun in 
place* On the basis of the samples submitted by Mari son t 
an optimum boss to head juncture diameter of 5 1/2 inches vas 
selected , This represents a 50% closure by hot spinning. 
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■E. Vessel Design 


1 • General 

.Vessel design for this program was predicated on demonstrating 
the feasibility of producing full scale helium bottles for use in the 
lox tanks of Saturn S-1C. Therefore, the subscale bottles produced 
must reflect the operational and test -pressures consistent with full 
scale conditions and in accordance with NASA Drawing 20M02008. 

The design considerations to be met were: • 

1) ,10" minimum inside .diameter. 

2) Thickness ratio full scale to subscale of 1 (.220 
nominal thickness) . 

3) A length to diameter ratio in the range of 3 to 5. 

4) Operational and.’ test pressures to correspond with the 

following, full scale pressures: ' • 

Working pressure 3000 psi at -320°F 

Proof pressure 4500 psi at -320°F 

Burst pressure 6660 psi at -320°F 

In addition, two distinct designs were to be produced to 
fulfill design considerations. The fabrication methods were: 

1. Welded vessel, with a minimum of 3 girth welds, joining rolled 
and longitudinally welded cylinders and • hydro formed heads. 

See -Figure 28 . 

2. Integral seamless floturned cylinder with spun-over heads .- 
See Figure 29. 

The design of the optimum Ardeformed full scale vessel, 
described ■ in Figure 30 was established by utilizing the strength 
level supported by past data, combining same’ with consideration of 
fabricability, and providing for minimum weight 'and envelope re- . 
quirements . The outside diameter was reduced, while maintaining a 
minimum volume of 31-0 cu.ft. 

A uniaxial strength level of 285,000 psi. at -320 ;o F was utilized 
as a basis for determining wall thicknesses. It was felt that this 
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stress level was a conservative figure supported by considerable 
test data. The application, of the uniaxial strength to a biaxial 
condition, as exists in the cylindrical shell of the pressure chamber, 
permits us to apply a factor of 1.15 or 330,000 psi hoop strength. 

Considering the cylinder as a simple pressure vessel, the 
following stress determination formula was utilized: 

* “ T 

where : 

<£T = ultimate biaxial strength level (330,000 ,psi) 

P = burst pressure (6,660 psi.) 

R = inside radius of cylinder (9.45 inches) 

It was then determined that the final wall thickness must be 

a minimum of .191 inches. 

The end extremities were designed to take advantage of lower 
stress loads in the hemispherical head section. The loading of 
hemispherical sections is established by the following equation: 



• Theoretically, in a constant wall thickness vessel the stresses 
in the head section are one-half that of the cylindrical section. 

It is, therefore, theoretically possible to reduce the head thickness 
to one-half that of the cylindrical section. A conservative approach, 
considering the incorporation of the boss, results in a head wall 
thickness of two- thirds the cylindrical wall thickness. 

. Therefore, assuming a cylindrical wall thickness of .191" 
minimum, a preform wall of .220" would be required when considering 
wall thickness tolerances and the reduction through cryogenic straining. 

The final subscale design, in addition to reflecting full scale 
operational pressures, had to be sized considering other factors. 

They were: * 

1. Use of available tooling where possible. 

2. Actual material thickness. 

3. Actual material strength. 

4. Actual material strain response. 
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2- Preliminary Subscale Design 

Preliminary subscale design layouts were produced and- detail 
drawings released. These were based on data from the testing of 
similar ‘material and the utilization of existing hydroform 
tooling . 

Preform dimensions : 

.220" wall (based on full scale vessel) 

10.8 I.D-. (based on available tooling) 

Final or Postform dimensions : 

..191" minimum wall 
12.50 i.D... 

(both based on a 13% strain at -320°F) 

Assuming the subscale vessel would have the same wall 
thickness and same design stress level, the operating, pressure 
would then change by the ratio 

full scale I.D. ' or 18 . 9 _ ^ 

subscale I.D. 12.5 

Subscale pressures would then be:. 

■ operating 4500 psi 

proof 6750 psi (1.5 x operating) 

burst ‘9,900 psi (2.2 x operating) 
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3. . Final Subscale Design - General 


. On the basis of the materials evaluation test results, outlined 
in IV A, it was determined that heat 8606B was a "stiffer" heat than 
anticipated, and a 13% strain would be excessive. A nominal 10% 
strain was found to be optimum for this particular heat. Furthermore, 
incoming inspection showed that the average sheet thickness was .216 
inches. Uniaxisl failure values at -320°F indicated a probable 
ultimate strength in the cylinder of 310-330,000 psi. 

The use of existing tooling for hydroformed heads that was 
available in New Jersey represented enough -of a cost saving to 


justify a change in preform inside diameter to 10.96, inches. These 
changes would then result in the following postform dimensions: 
.195" wall 

12.124" inside diameter 


The scaling factor between full scale, and subscale pressure 

- . . . . 18.. 9 (full scale I.D.) 

would then change to ^ ^ {stto3cale I-D . , = 1-56 

Hence, the operating and test pressures would be as follows 
for the subscale ‘units: 

operating pressure: 4680 psi at -320°F 

proof pressure: 7020 psi at -320°F 

.burst pressure: 10,296 psi at -320°F 


a) Welded Vessel Design 

As may be seen in Figure 28 this version of the pressure 
vessel was designed to exhibit the weld strength characteristics 
of an Ardeform vessel, in a configuration similar to a full scale 
helium bottle. In particular, full scale vessel welding was 
simulated. Inasmuch as the length of a full scale vessel precludes 
the use of a, single sheet of stock, the subscale vessel was designed 
to use two short (18“) cylinders, rolled and longitudinally welded, 
and then joined with a girth weld to form a single cylinder. The 
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longitudinal welds were offset 180° apart. The vessel, when 
finished with hydro formed heads, would then contain three (3) 
full diameter girth welds.. In addition, boss to head welds and 
welds within the boss would be utilized. The design required 
standard operations,, such as' rolling, hydroforming, welding and 
machining, that are common to Ardeform pressure vessels produced 
previously. 

b. Integral Vessel Design 

The integral head vessel was designed with the same 
parameters as the roll and weld vessel. However, in this 
version, as shown in Figure 29, a forging was floturned into a 
seamless cylinder, which then had' its ends- hot spun -over to 
achieve a 50% 'closure. After machining the heads to a consistent 
wall thickness (.145") bosses were to be welded in place. 
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V PHASE II - MANUFACTURE OF SUBSCALE VESSELS 
A. Welded Vessel 

Plate stock was sheared to blank size and sent to the hydro- 

form vendor (C.B. Kaupp) for head end fabrication. Considerable 

experience has been, accumulated in the fabrication of details of 

this nature for cryogenically prestrained vessels. The hydro- 
» 

forming process is' a relatively inexpensive and reliable means of 
converting sheet or plate stock to simple curved surfaces. The 
process requires a male mandrel over which the material is formed. 

■The forming is accomplished by applying a hydraulic force behind a 
thick rubber pad, thus. forcing the material over the’ male die. 

Close dimensional control is achieved. Some ten percent thickness- 
variation can be anticipated as a result of the process application. 

The .216 thick material was hydroformed into hemispherical 
heads, and machined on the outsi.de surface to .145 inch thickness 
all over. Holes were machined to receive the bosses. After machining 
the heads were cleaned, annealed, pickled and passivated at Arde... 

One and one-quarter inch thick sheet bar s'ta inless steel was 
.cut into five inch squares and sent to Tracer Tool Co. for boss 
fabrication. After manufacture., the. bosses were cleaned and radio- 
graphically inspected. 

-Meanwhile, additional analysis was' performed, on the boss design, 
since some problems had been encountered on similar vessels.- The 
analysis showed that the part threads themselves might stretch. 
Therefore, a "stretchable" neck was placed between the part and the 
boss proper. (See Figure 31) This controlled the location of any 
possible distortion. 
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Short cylindrical sections for the vessel body were rolled . 
to shape -and size, and longitudinally butt welded, using a single 
pass, tungsten inert gas weld with 308 weld wire. In the heli-arc 
weld process a tungsten electrode is used to provide the heat input. 
Weld wire is fed into the area heated by the arc. Inert gas back-up am 
gas shielding is provided to prevent forming of oxides. 

The next operation was to trim the length of the cylinders, 
and prepare them for girth welding. One end of each cylinder was 
machined to reduce the thickness from .216 inch to .145 inch to 
match the head thickness. (See Figure 32) The opposite end was 
trimmed flush. 

Two cylinders were then girth welded together, with the 
longitudinal welds spaced 180° apart. Again, a "3 o’clock" weld 
was used for the first two assemblies. The parts were dye checked. 
X-ray inspected, and cleaned. 

Bosses were welded into the heads, and the heads welded to the 
cylinder assembly. The assembly was dye checked, radiographically 
inspected, cleaned, annealed and cold pickled, in accordance, with the 
appropriate Arde Specifications. 

Serial numbers one and two were processed first, with a "3 o’clock' 
weld, as described in Section IV B. After welding, the parts were 
dye checked and radiographically inspected. It was necessary to 
make several weld repairs due to undercutting and porosity on the 
parts at this time. Serial number two parts had what was considered 
excessive weld repairs, .but the decision was made to continue 
fabrication of the vessel as a weld development vessel. The weld 
investigation outlined in Section IV B was now progressing to the 
stage where pressurized gas back-up welding was being studied as a 
likely candidate for assembly of the two deliverable vessels. 
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The first two vessels were then scheduled for the cryogenic 
stretching operation. The cylindrical stretch die was placed 
in. stretch pit in order to confine the cylindrical portion of the 
vessel and control the diameter. (See Figure 33) A"free-form" 
stretch, . where no die is employed, can result in a barrel-shaped 
vessel. 

The forming tank in the pit was filled with liquid nitrogen 
to a level covering the die, and allowed to cool down. The 
vessel was next inserted into the die, and cooled .down by 
flowing liquid nitrogen through it. Blast protection was placed 
over the pit as a precaution. 

The vent valve was closed when cool down was achieved, and- 
the pressure was brought. to 10,000 psi. The vent valve was 
opened., and the system bled down to atmospheric pressure. The 
vessel was easily removed from- the die because of "spring back" 
when the pressure is relieved. See Figure 58. 

Serial number one vessel was successfully stretched at a 
pressure of 10,000 psi and removed from the pit for dimensional 
check. The dimensions before and after stretch are shown on. Figure 34. 

Vessel serial number two was then stretched using the foregoing 
procedure. At 4000 psi, a small crack opened in a repaired section 
of the longitudinal weld. (See Figure 35)' The vessel- is repairable 
in that there' is no evidence of tearing or distortion. However, 
since it has been partially stretched, design strength cannot be 
reached - in the stretch die on a restretch. If diametral control were 
disregarded, the unit could be annealed after repair, and cryogenically 
restre-tched to the desired strength level.' 


91 



ARDE-PORTLAND, INC* 


REPORT NO.. 


PAGE 

JOB NO.. 


PREPARED BY. 


DATE. 



FORM NO. AF-13 3-62 


93821' 





-> "J.3 .ROI.L ^WELD V£1>S£L '5/k\ \ 

2 2 ■ • V V . V 


PgEPOKM 

T 3 \A \ \\ .420 

?. u. 4 te 

*3 11,405 


3 4 


DiA. 4 


IE. 575 . 
11.423 
t\. 4 l 2 


P^TFOSM 

OlA \ 12.450 

2 ■ ' 12.526 

3 - 12.520 


’DIA 4 '\2.5 2 5 

'5 n.42 3 

6 / M - 4 12 


Stbg:TCH, PR'S 55 Qg.£ : lo^ooo p^i ■ 

( e.-34/C St^STch') 





ROLL AND WELD VESSEL 



Failure in Repair Weld 
at 400 psi 


- 14 - 


Fift, 55 



Roil and weld vessels, serial number three and four, were 
fabricated in the same manner as the previous two vessels, except 
for the welding techniques employed. After completion of the 
weld development program, and the unsuccessful stretching of 
serial number two, the pressurized inert gas back-up technique, 
as described in Section IV B, was used throughout the remainder 
:f the program. Figure 36 shows a pressurized gas back-up head to 
cylinder weld. 

After welding, the vessels were processed in the manner 
described previously, and cryogenically stretched at 10,000 psi. 
The dimensions before and after stretch are shown in Figures 37 
and 36. and the vessels in Figure 30. These roll and weld helium 
bottles were shipped to NASA for evaluation. 

Serial number one was placed in the forming tank without the 
stretch die, in order to accomplish the requirement for cryogenic 
burst test. After cool down, the unit was taken to a pressure 
cf iO,SbG psi before burst occurred. This represented a nominal 
hoop stress of 337,000 psi. 

A review of Figures 40 ana 4i will indicate that failure 
initiated in the parent material {just above the identification 
card in Figure 41) and did not follow any weld zones. In most 
welded vessels, failure lines will "ring* 1 girth welds rather than 
cross them as in this case. 
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B. Integral Vessel 


Allegheny-Ludlum Steel Corporation shipped ten 11 l/>2" round 
cornered squares (billets) directly to the Ladish Company upon 
material approved by Arde-Portland. Two heats of- material- were in- 
volved as noted in Section IV A. .Billets from heat ‘7-2067 were 
designated US-1 through US-5, and billets from heat 7-2099- as 
CF-6 through CF-10. These serial numbers were then maintained 
throughout the program., Ladish proceeded to forge spin blanks 
and rough machine them 10 3/4 inch I.D. by- 15/16 inch wall by 
24 1/4 inch long. They were solution annealed at 1950°F for one 
hour, and water quenched. Hardness was checked and found to, be 
90 on the Rockwell "B" Scale. Micro cleanliness and chemistry 
were checked by Ladish and reported.' See Tables XXV' and XXVI. 

.A comparison- , of these figures with those presented in Tables 
II and III will show comparable results . 

Ultrasonic inspection was also performed on the forgings 
by-Ladish per the methods outlined in MIL-STD-271C for longitudinal 
and shear wave inspection. Their report is shown in Table XVII f 

The forgings were shipped to the Parsons Corporation for the 
fabrication of seamless cylinders. 
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TABLE XXV 


Indus ion 
Type 

Sulfide 
Alumina 
Silicate 
Globular Oxide 


FORGING MICROCLEANLINESS 


US-1 thru US-5 
(heat 7-2067) 

1. thin. O' heavy 
aone 
none 

2 thin, 1/2 heavy 


CF-S thru CF-10 
(heat 7-2099) 

1/2 thin, 0. heavy 
none 
none 

1 1/2 thin, 1 heavy 
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TABLE XXVI 


CHEMICAL ANALYSIS GF FORGINGS 


Specification 
(Arde 0017) 


US-1 thr.u US- 5 
(Heat 7-2067) 


CF-6 thru CF-10 
(Heat 7-20-99) 


Carbon 

.055 - .075 

.060 

.060 

Manganese 

1.00 - 1 .70' 

1.22 

1.31 

Silicon- 

..30 - .70 

.41 

.57 

Chromium 

17.00 - 17.50 

17.20 

17.20 

Nickel 

7.30- - 7.60 

7.63 

7,43 

Nitrogen 

• 

0 

CO 

1 

• 

o 

.04 . 

.03 

Phosphorous 

.015 max. 

< .01 

< .01 

Sulfur 

.015 max. 

.004 

.003 

Oxygen 

60 ppm max . 

30 ppm 

44 ppm 

Hydrogen 

2 ppm max. 

< 2 ppm 

3 ppm 
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TABLE XXVII 


. ULTRASONIC INSPECTION REPORT 


Equipment: - 
Method: 

Wave Form: 

Couplant: 

Crystal: 

Test Frequency: 


Test Frequency: 
Procedure: 


Results: 


Immer scope model 
Immersion- 

Longitudinal and Shear 
Water 2" water path .distance 
.3/4 ,L dia. Lithium Sulfate 
5.0 me Instrument calibrated to 
produce a longitudinal wave: 50,% 
peak ,vs 3/64" dia . flat bottom hole 
; 2.25- me. Shear wave-: 80% peah- 
vs 3% notch on cylinder O.D. 

Longitudinal wave inspection on 100% - 
of part volume. Testing done from O.D. 

Shear wave inspection from O.D. in 
two opposite directions 
Discrete indications - none 
Penetrability - 100% penetration obtained 

on all pieces with maximum of 
two harmonics 

Metal noise - US-3 -and US-5 show 30% max. 

all others show 15% max. 
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The shear forming machine used to floturn the cylinders 
utilizes three cam-positioned pressure rolls to work the 
forging against a hardened arid ground mandrel'.. As the 
forging diameter is cold reduced, the metal is forced out 
along the rotating mandrel by the rolls on the traversing 
carriage (See Figure 42) . 

The forgings were inspected,, and machined on the 0.D-. and' 
I.b. to fit the mandre-11 and achieve the desired wa.ll thickness 
(See Tables XXVIII. and XXIX) . Figure 43 shows the fprging 
being placed on the mandrel of the floturning machine. 

Tube Number U.S. 1 was • floturned from 0.704" to 0.294" 
without annealing. During the 5th pass the tube cracked in 
the longitudinal direction. This crack occurred at about 50% 
reduction. The Brinell hardness conversion of the 
scleroscope readings indicate a- full hard condition at the end 
of pass number 2. Passes 3 and 4 involved an additional 19% *' 
cold work in the full hard range. AH data may be_found in 
Table XXX. 

Tube Number U.S, 2 was machined to approximately the 
same dimensions prior to 1 the first cold working pass as 
U.S. 1, however, the first annealing operation occurred - 
after 24% cold-workxng and a BHN value of approximately 33-7 or 
168,000 psi which is in the - half hard condition (approaching 
three-quarter (3/4)' hard condition) . The first anneal reduced 
the -part to the full annealed condition (BHN 140) . The balance 
of cold work induced for the balance of this tube never exceeded 
the one-half (1/2) hard condition prior to annealing. All data 
may be found in Table XXXI. 
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Tube Number U.S. 5 was completed after nine (9) passes 
with three intermediate anneals without difficulty, except 
that one small crack on the O.D. was discovered after Pass 
number 7. This crack was approximately 0.010” deep and was 
removed by sanding. This crack appeared after approximately 
32% cold work.. Data may be found in Table XXXII. 

Tube Number CP-9 was completed in ten (10) passes with 
three intermediate anneals with total reductions between each 
anneal of similar values as U.S. 5. Light cracking again 
occurred on Pass Number 7 at approximately .30% cold work 
reduction. Cracks were removed by sanding. All data is 
available in Table XXXIII. Figure 44 shows cylinders after 
intermediate interpass annealing. 

Tube Number CF-10 was carried through the first anneal 
in a similar manner as the previous tube which resulted in 
annealed hardnesses of the half (1/2) hard rather than full 
annealed values. Pass Number 3 at 17% reduction resulted 
in hardness approaching the full hard condition. Pass Numbers 
4 and" 5 following the second anneal were cold worked 
approximately 16% and 14% and light cracking was in evidence 
after each pass. After the third anneal no difficulty was 
experienced in the cold working operations (which at no time 
exceeded 12% reduction in a single pass) . All data, may be 
found in Table XXXIV. 

This report does riot cover in detail Tube Numbers 
U.S. 3, U.S. 4, C.F. 6, C.F. 7, and C.F. 8, inasmuch as data 
was either limited or total reductions were not achieved. 
Briefly, the following are the results for those cylinders. 
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Work was stopped on US— 3 and 4 and CF— 8 just prior to the 
second anneal. No significant problems were encountered, and 
in fact, the dimensional control from tube to tube was far 
superior than that achieved previously. However, the cylinders 
were not continued to final size inasmuch as the required parts 
were fabricated in the first five tries. Table XXXV shows the 
dimensions after each pass on these cylinders. Note that a 

machining was required on US— 3 after the sixth pass to - 
remove very slight crack indications. The tube to tube variation 
on these three parts is ± .015" on the I.D. dimension and± .008" 
on wall thickness. 

Similarily, work was discontinued on tubes CF-6 and CF-7. 

Both showed cracks after the first anneal-. There was no 
evidence of cracking on CF-6 prior to annealing. Light cracking 
was visible after the second pass on CF-7 prior to annealing. 

Metallurgical examination of the forged material prior 
to floturning revealed a substantial' variation in the amount of 
transformed austenitic structure which could influence cold working. 
There was also evidence of substantial variation in the amount of 
carbide precipitates (chrome carbide) from tube to tube. A com- 
bination of the above could account for some of the cracking 
problems encountered at relatively low reduction percentages, 
in the case of US-1, however, the cold work was at a level which 
would promote the resultant failure. 

Photo micrographs of typical forged material may be seen in 
Figures 45 through 47. These photos were taken at lOOx and are only 
representative rather than analytical examples. Analysis of the 
structure was accomplished at 1125x? however, facility photographic 
limitations preclude presentation of photo micrographs at this 
magn if ica tion . 
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Forged A*I*S.I, 301 S,S, (Annealed) 
Cylinder No. U m S. 1 (Heat 7-206?) 
Magnification lOQx 
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Cylinder Nmnber U.S. 2 (Heat 7-2067) 
Magnification iQOx 
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Cylinder Number U.S.5 Heat 7-2067) 
Magnification lOOx 
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Forged A.I*S.I # 301 S*£. (Annealed) 
Cylinder No, CF 3 (Heat 7-2099) 
Magnification lOOx 
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One macro photograph {5 separate photos] at 3.8x was 
taken showing the entire transition of material on cylinder US- 5* 
This is shown in Figure 48 along with the estimated locations of 
each pass and anneal through the process. 

After trimming the cylinders to length* the salvage was 
sectioned by Arde to note the effect of flcturning passes on non- 
annealed grain structure. This information is presented in 
Figure 49. Tensile specimens wese also fabricated from this 
material* annealed, pickled, and passivated per Arde Specifications, 
and pulled to cryogenic failure. This was accomplished in order 
to study the effect of floturning on the cryogenic response of 
tne material. It was determined that the stretch die as sized 
for the roll and weld vessels would be adequate for this material. 
The successive cold working appeared to stiffen the material 
somewhat over the as- forged state* but not sufficiently to warrant 
a die rework. An illustration of the specimens is presented in 
Figure 50. The resulting cryogenic true stress vs true strain 
curve is presented in Figure 51. 

Head spinning operations at the Mar is on Company were 
commenced under Arde direction* A segmented sleeve was placed 
on each tube prior to processing, to insure no cylinder damage 
by the spinning machine rollers. The tubes were then heated in 
an open furnace. Furnace temperature was recorded at 2G5Q fl F in 
each case. 

Unit CF-1Q was placed in the furnace, and held for five 
minutes after the temperature regained its level o£ 2000 °F. 

It was quickly crane- transferred to the machine, chucked in place, 
and a closure spun with a 3" diameter opening. (See Figures 52, 

51 and 54 for spinning illustrations) . The opposite end was heated 
in a similar manner and transferred for spinning. 
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When the tube was closed to about a seven inch opening, 
it had cooled rapidly, and was returned to the furnace for 
reheating- It was held at temperature for five minutes again, 
and re spun to a four inch opening, A large crack through the 
material and emanating from the opening appeared at the close 
of the spinning process. Thereafter, tubes were held at 
temperature for fifteen (15) minutes, and reheated after 
spinning process. Thereafter, tubes were held at temperature 
for fifteen (15) minutes, and reheated after spinning for 
stress relief. 

In the spinning of cylinder US- 5, it became obvious that 
there were serious problems with the chucking and alignment 
devices on the machine* The tube was expelled early in spinning 
and the head damaged* Adjustments were made, and the opposite 
end processed. The same situation developed, and the tube was 
set aside to have the damaged heads removed. 

Two passes were attempted with an interpass heating 
cycle, to perform the head working prior to the tube slipping 
and eliminate cracking. However, slipping and the tendency 
for expulsion of the tube became more excessive, and US- 2 was 
stopped after one head was formed. All internal parts in the 
chuck were replaced, and the machine realigned, US- 2 was 
completed with two passes on the opposite end. 

Cylinder CF-9 was processed with the head formed in two 
passes on one end, and a single pass on the opposite end. 

Cylinder US- 5 was spun after the removal of the damaged 
heads. Slipping again became apparent, but the part was carried 
through processing without serious problems. 
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The cylinders with spun heads were returned to Arde-Portland, 
dimensionally inspected, and a machining program set up. Tracer 
templates were fabricated, and machining commended* The first 
operation was to bore a hole at the approximate boss size 
determined through X-ray and dye check techniques* Penetrant 
inspection revealed internal and external crack indications 
(see Figure 55) . It soon became apparent that a stress 
relieving operation was required to keep the material from 
"walking 11 away from the tool* Inasmuch as insufficient material 
remain to take an internal machine cut on CF~9 due to distortion, 
the unit was placed on hold* 

On the basis of experience with CF~9, units CF-10, 

US-2, and US- 5 were tracer machined inside and outside on the 
heads to a *150 inch wall, removing all cracks* In order to 
remove all cracks, it was necessary to design and fabricate 
6 1/2 inch diameter bosses for units US-5 and CF-10, and 5 1/2 
inch diameter on US-2* 

Unit US- 5 was annealed and water quenched prior to 
welding the bosses in place. Distortion of the heads in the 
area of the boss opening occurred as a result of the quench, 
as may be seen in Figure 56* Therefore, units OF- ID and US- 2 
were air cooled after annealing. Although excessive scale 
occurred with air cooling, there was no distortion. The vessels 
were then grit blasted with silicon carbide to remove the scale 
from external and internal surfaces. A cold pickling operation 
followed, and the bosses were single pass welded in place. 
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Afcer X-ray and dye check inspection, the vessels were annealed 
with an argon purge and water quenched* See Figure 57* The 
>o£-es held the head in shape as desired, and no distortion occurred* 

Vessel US- 5 was salvaged by hand re- shaping of the distorted 
head in the boss attachment area* Bosses were welded in place, 
ana processing completed as outlined above* All vessels were 
pickled and cryogenic ally stretched. Refer to Section V A f page 
01, for a discussion of this operation, and Figure 58 for an 
illustration of a vessel being removed from the stretch pit. 

Serial number CF-10 was cryogenically stretched at a pressure 
rf 10.175 psi, which is equivalent to a forming stress of 272*300 psi 
(nominal ■ . Dimensions before and after stretch are shown in Figure 59 

Units US* 2 and U3-5 were cryogenics lly stretched at somewhat 
liwcr pressures {9300 psi and 9350 psi tespectively) because it became 
evident in processing that some repair grinding on the tube I.D, ; s 
hrd reduced the wall thickness locally by as tnucti as .033 inch* 

As a result, the vessels are slightly "cigar* shaped on the 
ix tr star ties because of insufficient pressure to force tne material 
against the die all along the vessel length. Dimensions for these 
ytjosgis may be found in Figures 60 and 61, and an illustration in 
Figure 62 of the vessels shipped to MSEC for evaluation. 

Integral head vessel CF-10 was placed in the iorminq tank 
without the stretch die, and cryogenic a lly hurst at 10,300 psi. 

This represents a nominal hoop stress of 316,300 psi. The burst 
unit is shewn in Figure 63 . 

The vessel was sectioned to provide a view of the integral 
head with the boss welded in place. This may be seen in Figure 64. 
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VI CONCLUSIONS 


The feasibility of fabrication of high pressure gas storage 

bottles for cryogenic service, by either of two approaches, was 

\ 

demonstrated in this program. Vessels were' produced with 100% 
efficient welds, using standard Ardeform techniques, in one set 
of vessels.. Through the development* program-, a second set of 
vessels was produced to essentially 'the same design. These 
vessels' were seamless and had integral heads. ” The cryogenic 
burst level was within predictions for both designs. 

• Material properties data was provided for parent material 

as well as welded material, and process parameters were 

\ 

developed to provide for production with low reject rates. 

A review of the results achieved in vessel fabrication and 
testing is provided in Tables XXXVI and XXXVII. In reviewing 
this data, it should be noted that although dimensional re- 
producibility was achieved in the welded vessels, it was not 
necessarily an .objective of this program. The integral head 
vessels did not show this reproducibility for several reasons. 
For one thing, the seamless cylinders used were of slightly 
varying diameters, since the tubes produced in ‘developing the 
process were used in final vessel fabrication. Additionally, 
lengths were not consistent because of the reforming of heads on 
tubes damaged- in the head spinning operation. The spinning 
process did not lend itself to dimensional control with the 
existing tooling utilized in the forming of heads. 
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TABLE XXXVI 


ROLL & WELD VESSEL - SUMMARY OF RESULTS 



S/N 1 

S/N 3 

S/N 4 

g 

u 

Diameter at Center 

11 . 390 

11.403 

11.376 j 

0 

HA 

<L> 

U 

fa 

Average Wall Thickness 

.216 

.216 

.216 

Forming Pressure 

10,000 psi 

10,000 psi 

10,000 psi 


Nominal Forming Stress 

254.1 KSI 

263.9 KSI 

263.6 KSI 


Percent Stretch 

9.94 

9.7 

9.96 

g 

Diameter at Center 

12.522 

12.510 

12.510 

u 

0 

ha 

Average Wall Thickness (Est.) 

.195 

.195 

.195 

-p 

m 

0 

Weight in Pounds 

92.4 

92.1 

91.7 

04 

Volume in Cubic Feet 

- 

2.24 

2.27 


Length/ Diameter 

3.8 

3.8 

3.9 


Burst Pressure 

10,850 psi 

- 

- 

•p 

Nominal Hoop Strength at Burst 

'337 KSI 

- 

- 


; Total Percent Stretch 

11.43 

- 

- 

fa 

0 

! Diameter at Center 

! 12.692 


- 

320 

Average Wall Thickness 

.195 

- 

- 

1 

Minimum Wall Thickness 

.193 

- 



Disposition 

Stores 

To MSFC 

To MSFC 
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320 °F Burst i Postform Preform 


TABLE XXXVII 


INTEGRAL HEAD VESSEL - SUMMARY OF RESULTS 


' 

S/N CE-10 

S/N US-2 

S/N US-5 

g 

Diameter at -Center 

11.495 

11 ..506 

11.510 

M 

0 

Average Wall Thickness 

,222 

225 

221 

<D 

U 

V, 

Forming Pressure 

10,175. psi 

9300 psi 

9350. psi 


Nominal Forming Stress 

252.3 KSI 

2 32.. 3 KSI 

232 RSI 


Percent Stretch 

10.5 

9.9 

9.6 

e 

Diameter at Center 

’ 12.650 

12 . 644 

12.630 

54 

0 

H 

Average Wall Thickness (Es-t.) 

.207 

.205 - 

.204 

P 

W 

o 

Weight in Pounds 

- 

112 

108 

* • 

Volume in Cubic - Fee t 

- 

. 3.28 

3.1 


Leng th/Di-ame t e r 

: * 4.4 

. '4.6 

4.2 

1 

Burst Pressure- 

10,300 psi 

- 



Nominal Hoop Strength at Burst 

316.3 KSI 

- 

- 

CD 

M 1 

Total Percent Stretch 

13.5 

• 



Diameter at Center 

13.05 

• - 

- 

5 

Average Wall Thickness 

.198 

- 

- 

rM 

ro 

1 

Minimum Wall Thickness 

.193 

- 

- , 

Disposition 

Stores 

To MSFC 

To MSFC 
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As' shown. in the previous sections, ultimate strength of 
Ardeformed material is dependent upon the prestress level. 

At the time of grit blasting the seamless cylinders, it was 
determined that some repair grinding, apparently to remove 
minor cracks or scratches, had been- performed on the inside 
surfaces. As a result, the forming pressure was reduced i-n 
accordance with the reduced wall thickness. Because of the large 
variation in the effective wall thickness due to grinding (as 
much as .225 to .225 minus .;033) it was a possibility that full 
calculated' strength would not be developed throughout the 
cylindrical portion of the vessel. However, rather than revise 
the tolling or rebore -the cylinders, fabrication was continued 
as indicated in the tables.- 

' The materials evaluation program, gave clear indication to 
the value of double vacuum melt heats in terms of cleanliness 
and minimum- flaw-size. All objectives of the weld development 
program were met, as indicated by the results of both the vessel 
testing and mechanical testing programs. It was shown the full 
strength ground welds were produced with notch toughness and yield 
strength values comparable to those of the parent material. 
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VII - RECOMMENDATIONS 

Problem areas encountered in the current program were with 
integral yessel fabrication, and can largely be segregated into 
two groups; those associated with floturning, and those associated 

Inside diameter dimensional control, in the 
form of growth away from the mandrel, 
particularly in the center section. This 
growth resulted, in non-uniform tubes, that 
did not achieve the design I.D. dimension,. 

Cracking of parts during processing. Three 
out of ten tubes were lost in process due 
to cracking. Interpass annealing sub- 
stantially reduced cracking. 

Non-uniform head shapes .and wall thicknesses 
from part to part. 

Non-uniform shape and wall thickness within 
a single part. 

(3) Excessive Inside and outside surface cracking. 

(4) Distortion of basic tube. 

Although some mindr problems are still evident in the flo- 
turning process as applied to Ardeform materials, limited effort 
would undoubtedly alleviate most of these problems. Additional 
effort would certainly optimize the fabrication techniques. As 


with hot spinning. 
Flo- turning : (1) 


( 2 ) 

Hot Spinning : (1) 

( 2 ) 
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mentioned .in Section V B, the last tubes processed (US-3, US-4, 

CP-8) show excellent dimensional control and would be available 
for future development work. The recommendations of both Parsons 
and Arde engineers are that future floturning of Ar deform material 
should be restricted to no more than 28% cold work in multiple 
pass without annealing., and single pass reductions should not 
exceed 14%. The annealing cycle must be more clearly controlled 
to preclude excessive carbide formations , which could result in 
minor or major cracking problems, with the exception of the above, 
practices on future floturning of Ardeform material should follow 
closely to the parameters established on Tube Ho. US-5. 

More important advances, however, are required for the hot 
spinning process as used to form .the integral head.. The process 
itself would be difficult to optimise without first making 
equipment and tooling improvements . The machine used for spinning 
at the Marison Company had a chuck that allowed parts to escape 
during processing, the machine did not run true, causing whipping' 
of the tube, and there were virtually no dimensional controls 
provided. Spinning was accomplished with one-point contact and 
no back-up, causing some bending and distortion of the basic tuba. 

‘ Furthermore, the entire operation is based on operator control, 
with no fixed positioning of the tool to insure reproducibility. 
Additionally, the nature of holding devices and material handling 
is such that’ there is virtually no temperature control; Improvement 
in tooling and temperature control would insure a low rejection 
rate. {It should be noted that Marison does provide better 
dimensional control on smaller diameter cylinders formed on other 
machines .) 
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Spherical vessels, seamless save for boss attachment, 
show potential with the processing developed in this, program. 

It would also be advantageous to c.onsider cold work with 
interpass annealing as an alternate to hot spinning for this 
application, in order to reduce the amount and' extent of machining 
operations . 
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COLD PICKLI N G 




ASS 251 


COL D 


HOT * 


^oducib le \ 


IVO 

1 . 1 - 


SCO?3 


'ITnis specification set Alishas procedures for the rerreO'al 
of acid soluble contaminants ffom ths surfaces of aged 
301 s.s- parts which have a geometry that permits thorough 
•rinsing of all surfaces and will meet dimensional require* 
snents after pickling* 


2 eO 
. 2.1 


5.0 

3a 


DSSCRSBTXOH . 

This specification is not to be confused- v/ith tns hot pickling 
of’ annealed 301 s.s. parts.,' The principal difference between _ 
-the cold pickling of aged material and .the hot pickling of tie 
.annealed material lies in ths fact that the aged materia 1 i» 
martens it ic 

AJPJt,jteA?,L3 DCSK3HT5 

The following documents form part of thrs specification 
the extent specified herein. 

•Specifications i 

•BhM&3£X. 

■ mis~2 -2 0 7 40 IB H itregsn 


-ARDS 


ASS 360 

Ageing 

PCR-1S 

Pickling Solution 
Concentration Control 

Commercial 

A.C.S. 

-Acetone, Analytical 

A.C.S. 

Alcohol, Analytical Reagan 


,Hitric Acid,' Reagent 

A » C 0 S * 

-Hydrofluoric Acid, Reagent 



AES 253. 


t&gSRE&L A33P / OR SOIiSSSSOKS 

* 

Rarainoralised V7ato r *» Water shall have an electrical 
conductivity of 0 to 2G0 raicromhos . 

Cold fan Water - The cold tap water shall have a pH range 
of 6.0 to 3.0. Sf. tanks are used for rinsing., the water 
changeover rate shall be such that the water in the tank 
shall not have a pH loss than 6.0 three (3) minutes after 
int x'oduc i ng drained parts from the pickling tank 

P ick 1 ?„B Cf Soluti o n s 

Solution Preparation 

Hitr ic^Hydrof luor.ic . Acid Pickle -*■ Solution shall be- made up 
and maintained at tho concentration specified below; 


a) 

Nitric Acid 70 weight percent ~ 

2.2 percent 
±3% total • 

b) 

Hydrofluoric 55 weight percent 

- 2 percent 
±.$% tota. 

c) 

Tap VTatsr 

- remainder 

a) 

Ths Cold Pickling solution sksl 
temperature of C0° to 8 5 . 

1 be used a 


Solution £!aintonanco 

Nitric - Hydrofluoric Acid Pickle ~ Solution shall, be 
raaintainod within tho analysis limits specified in 
Para. 4.3.1..1 utilising procedures indicated in PCJl-16 
When the dissolved iron build-up increases to 5% t tho 
solution shall be discarded. 

EQTOTiTkJ? 


Acid ’ranks - Steal construction lined with carbon brick . 
Tank must be equipped with heating and venting facilities . 

Water Tanks - Steel construction cashed with Teflon* poly~ 
propylene, or other suitable mask ants - or austenitic stain* 
less steel, unccated. 
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5.2 

6.0 

6.1 

6.2 
6.3 “ 
6.-4 

7,0 

?*.X 

7.2 

7.3 


Baskets, Backs and Wire* Hang ore - vkwaiad or fabricated Gr 
Teflon a polypropylene or other suitable ma chants for racking - 


-r , rr w ^ ‘ ■ '■» 

Cold Pickling shall be performed on parts which have been 
aged and quenched in accordance with ASS 360. 

Parts aged 'with Arge n on their interior surfaces shall be 
cold pickled on their exterior surfaces only 

Parts aged without Argon protection shall be -old pickled on 
exterior and interior surfaces 

Handling '**> ‘All parts shall be handled with acid *ssistant 
rubber gloves during tho pickling operation. Seedling of 
parts during’ the rinsing and drying operation shal be performed 
in such a manner as to avoid contact of the metal s r faces with 
-human shin. Operators shall wear rubber gloves during the 
rinsing and ’washing operations * Bering the drying- operations, 
clean cotton, rubber or plastic gloves shall fee used , parts 
and vessels shall be placed only on equipment - specif xec xn 
Para; §.0. 

PROCSbVSSS 

Argon Aged • Parts which have been aged with argon protection 
of their interior surfaces shall b-3 plugged to prevent cold 
.pickling solution from entering, then proceed per Para. 7.J.. 

Aged in Air - Parts which have been a gad v?lthcut argen i-zoy 
tection shall have all plugs removed to provide easy a eves: 
to in t ex' lor as well as exterior surfaces. 


Cold Pickling Process ~ Aged parts shall fee immersed in c-vid 
pickling solution for a maximum of 5 taking care thay 

all surfaces to be pickled coma in contact with the solutio..- 
Tha interior of vessels aged without argon protection must in 
cold 'pickled, care roast be taken that total contact tine 
between the pickling solution and any surface of the vessels 
does not exceed the five (5£ minute limitation. 
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7.3 -coat'd 

The tiir.-a £or filling and draining the cold pickling 
solution frcifi vessels shall ha included in the five 
(5) xainuto- pickling tin®. Filling ft draining tin-e, 
there fora f sha.il not exccocl a total of 2 minutes . 

7/3.1 After cold pickling; the part shall be flushed with cold . 

tap water on ail surfaces . While still uafc, all accessible 
surfaces shall be scrubbed with a wee fcampico brush dipped 
in powdered pumice to rsasovs and loosen an y smut . Parts 
shall then bo flushed with tap water to remove any 3.c'-ooa 
smut. Rinas pur Para . 7.4. 

7 .4 Cord Water Hinse « Kin.se pick In d surfaces of the parts :ln 
running tap water (Para. 4.2) at 60 :O to S5°F in a tank or 
by means of a spray for three (3} minutes. Vessels which 
have been subjected to argon protection of their Interior 
surfaces shall reit-sin plugged until all ‘ exterior -surfaces 
arc completely rinsed. Such vessels shall then- he unplugged 
and thexr ‘interior rinsed. . ‘ The inhericr cf all vessels shall 
be rinsed with the equivalent of at least two vessel volumes 
of cold tap water. 

7.5 Drying - Drain on plastic coated wire rack -until visih.le 

exterior surfaces are uniform in coloration and t hrs~o v> gh 1 y 
dry. Vessels shall be drained with a n epon port or boss- 
downward . , 

7.5.1 Closed Vessels - The interior of closed voces- Is shall bo 
dried by flushing with 100 ml c-f ethyl alcohol per square 
foot of internal surface. Tho alcohol shall be drained from 
-the vessel and disposed of. 

The interior of the vessel shall bo dried by purging with 
clean dry air per K.S.F.c. presses 4.0,4 07 ; ‘nitrogen until 
all traces of alcohol disappear. 

7 .5 Grit Scrub «=* Thu scrubbing operation consists of introducing 

into t.v3 vos sol seres silicon carbide gr it and shaking or. 
rotating the vessel to rerr-ovs light err id. os and snut which 
are not rer.vo vad from tho vessel during the colcl pickling 
operation . 


Application ~ The grit scrubbing operation shall be performs* 
on the interior of ail aged pressure vessels, whether tire 
vessel interior lias bass argon protected or. not. Vessel 
inter icr shall be dried in accordance with para . 7.5 prior 
to **ke or it scrub. 
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7.6.2 Procedure ~ Approximately oight (G) fluid ounces of: grife 
pssr square foot of inferior surfas-3 shall be intro duced inco 
tha dried vassal, Tho vessel shall be agitated* shaken or 
rotated so that the grit aiov-23 over the entire interior sur- 
face. The vessel shall bo serifDbea -in this manner until all 
scale, dirt or ssr.vfc has been removed frcsa the vessel interior. 
Vessels shall ba nerubbod for a maximum of one hour . Vessels 
requiring aaro than one hour of scrubbing shall ba held for 
M.R.B. 

7.6.3 Whan the vassal interior is clean, the grit shall be poured 
or shaken f.ro:a the vessel. Residual grit shall be completely 
removed from the vessel by flushing with tap v;ater , 

Rinse per Para,, 7,4, 

7.7 Hot Water. Wash « After cold water rinse par Pare;.. 7.4 ii&serse 

the part in a bath of demineralised wafer (Para-. 4,1) scam**- 
tainod at a town -or at ur a of 140 “*160 °S' for 3 iso 15 minutes . 

The entire interior an cl exterior surfaces of all parts shall 
be in contact with the hot wafer . • 


7.7.1 Vessels shall be filled and drained at least twice. Repeat 
until ail surfaces arc free of mineral streak from tho cold 
tap water previously used. 


•7.-10 


Dry - Dry per paragraph -7. 5 ., 

Packaging ~ Components shall be- pieced in a polyothlane bag 
iissediafely xollov/mg cry rug process to prov^Vi. x wyoi) «.snsiui3 c /.oa 

Marking -• Unless otherwise specified, all parts shall have 
coirplete traceability. 


QV?J^7.Tf ftSSHSTSTga 

The inspection D.--partnenr. shall require adherence to tha- 
r eepi ir or-.-.enf s and procedures outlined in this specification , 
Thsso dispositions shall be recorded on applicable process 
sheets. 


The Process Control laboratory shall make daily chocks of \ 
the specified solutions to insure operation within the 
specified analysis ranger.. A copy -of all reports of analysis 
shall be on fils at the Quality Control Department. 
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8.0 

8.1 

8.2 

9.0 

9.1 
iu c n 

XOol 

10 .. 2 
10,3 


Bsihc-rior *=» Brain on ~:i cko until visible siiriacoa are uni*" 
forra in €?olora-bion and thorough ly dry, Voocols shall bo 
ctroinal with fin open port or hoes d^t-niwarcU 

Inferior Surfaces *=- 5?lu':‘li with 100 sal of uvmsocl ethyl 
alcohol pof squar-o £eo i of intort'ol- murfeeo, Purge with 
clean, dry, oil fecj o.ir fiXtor-au pore 1-uSJ^Co Process 404 
or nitrogen until all telcos of alcohol disappear . 

Unit Pagl^gli^g « .Cssiponoats shall bo ple.s-3-3 in a palyethl-ane 
bag innaaiatoly follC-ring the crying ps&aoas to provost 
r eoonfcarainn t ioa , 

Marking ~ Unless otherwise specified, all e leaned compononts 
shall have complete fro a mobility. 

Qualify Assurance Provisions - £h-a Quality Control Departra-nt 
shall require ae3.har-.noo to the canfinoa of this specification 
by do 'coraining conplianco with Paragraphs 3, 4, -and 5 .?.nd 
by shocking th-3 followings 

All pares, after cleaning shall ba rr-oa from vator breaks as 
evidenced by a cusokh hr-: oh fr-:e vsie:: filn upon x on oval frcoi 
final r ins So 

Iho cl at argent bath shall bo analysed as often as required to 

ins nr a cr ore fieri within the* bar^vired concoafraf ion' ranr.o. 

/ * ^ 

Iho dot argon t (if v-ithiu tha required PH fa a tor 5 bath shall 
bo discarded whort it fails to p-r cdr.no surfoc-jo fra a of voter 
breaks? or whan hho rod-roonh in the tank boooovss oreaosiva. 
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fe£? ia»S?f"CTiOH 


1.0 SSO.?.q 

1.1 


1.2 


5.0 

5.1 


5rni * specification coysrs the procedure for dya 
penetrant inspection (Type JX - non-water washable) 
of Akdsform materials or components. 

Ihis specification is effective upon issue and shall 
be applicable when .specified on engineering drawings. 


2,0 

APPIiJCABJi-F, DOCtjy^.'^TS • 



ASS 252 - Cleaning of 

ARDS?) 

3,6 

materials 


3,1 

Penetrant ~ 3 !agnafl\tx Type SKL 

- HP 

3.2 

i>eveiopsr - Magnafiox Type SKD 

- HP 

3.3 

Cleaner - Magnaflux Type SKC 

- it?' 

4.0 

■fiQSIPJSfiJT 



Kens 

RSQS.T^fr t ssrrs 

Surface Pr-partion - Surfaces of welds or wrought 

Jfcetals may be inspected without surface preparation 

.or. conditioning except as required to renove scale di 
Blag. 
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5 0 1„J ftelds *» ’’As Welded” surfaces shall fch ctvnsi.dared 
suitable fc*r liquid penetrant ins geatioTi provided 
sxc-sssive c.-::d<3s and ecal-a is rrb'&evecU 

So 1 , 2 Wrought ratals - Surfaces ©£ vrrwughf raatals shall be 
condition ad only if nscasaaty to zmz&vs ojccassivo 
oxid-u and s-caio » 

So 1,3 Finished Surfaces ~-Sva tfacnr for which a specific* finish 
is required shall bn given ;thin surface finish prior he* 
th3 liquid penstrant inspection prascr lend by the applied- 
able specifications ., inspect ion at intermediate stages 
of fabrication, to reveal defects which may extend bey end 
the final distensions, shall bs permitted, 

6.0 FRCCWSS 


6„1 Pra-tect Cieanl in-ass ~ rill mat trials being tested shall 

be cleaned by hot running wafer, by dipping in a -solver- 1, 
or by scabbing .with a clean, lint-fret cloth saturated 
with a volatile solvent. All surfaces shall be wiped d-y 
with abaerbent paper . frier to pacaf ran-; inspect ivn £ ths 
surface to be tested and any adj scant area shall be d J > 
and free of say dirt * groana, lints 'scale and other 
ext ran sous rrattsr thar would ctfesrasa interfere with 
the test. 
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TS t? / C 1 


6.2 Temper atur s - The tamp er at.uro cf thv penetrant and the 
part to lx?. inspected shall bs maintained fcvtwosn 5G C F ■ 
arid lGO 'i?„ When in spa q tie-in Is necessary under conditions 
v/here the tempers' cure’ of the penetrav.fc and tie 'irisp-acti.cn 
surface is outside the 50 °F *-•?. 100 0 I >- rersgS; the temperatures 
shall bs adjusted to bring them within this range. Bus to 

the flammable nature of the dye penetrant inspection materials, 
the use of an open flame for heating purposes is prohibited, 

6. 3 Application of Penetrant «■ Testing surface shall be uni f c rhsly 
coated by spraying, brushing > or imrsersi&n (.parts must be 
penetrant c-y versa at least 1" on be-fcfa sides of weld to be 
inspection* 0 Parts shall be completely wetted for a minimum 

• i ‘ 

of 15 minutes and a maximum cc 20 minutes. If the tir.a cycle 
is exceeded, the part aha 1 .1 be recleari-ad and the test re-run. 


Rer.pval of Excursive Penetrant Surface shall be throughly 
wiped with clean, dry., absorbent paper o:c cloth. Pema j nine 
excess penetrant shall be removed by wiping' the surface 
with a citars clo-th or absorb ei*t pap--r? wi par. iampsned vi««h a 
qualified penetr a-nf rer over. Flushing any I iqu id c,r, the 
surface after the application of the p-eu-ccrant and pc if* to • 
developing shall not be allowed. The ctey irg of the taav 
surfaces attar removal of excess penetrant shall be done by 
normal evaporation, or by blotting with absorbent paper 
or clean lint--f£ „e -2 cloth® Forced, air circulation in excess' 
of norma 1 ventilation in the inspection area shall not be 
useoa The time fer surface drying after remove 1 of axcess 
penut-ranc , and pci-os to appl leaf icn of the developer , shall’ 
ba limited to a maximum of ten minutes. 
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6,5 


Application &f Developer by Spraying ^ v?c>fc devalcoar 

'./ill bcs d a v 3 1 c jp " jr glial X h© wgij, agitated prior 

to using, The d “v-slspar shall too iiaiforraly applied" ?n 
•a than coating to the teat suxfacss by spraying* Xf the 
geometry at the part inspected prevents fchs tws of a spray, 
a torusn or similar appli-cater may ha used provided it 
results in a uniform thin coaling c;f dova leper, Caution 
shall be ttssd in avoiding pt^Xs of develops.? gaffing into 
cavrtios as this will causa heavy mashing of the indications, 
Inspection shall bo made in a minimum of -sav-?n minutes ■ and 
n@ later than thirty minutes after the developer has driwd. 


6,6 


RSii-^val w *r-cce as i vs Developer => Whes inspection ie. 
completed, the developer shall be removed by- moans of 
the specified cloaner in conjunction with 5crstch*=j;r'-a 
cloths and paper totals. 


6,7 


Prior t© any additional processing involving heat, 
parts should be cleaned per aBS 253, 
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not reproducible 


hi 


531 


a rc : M-LTQ.U9~ 


1.0 


SCOPS 


X.l 


•Til is &pe©i£i,caticr» sovsrs the regu ir r-r er- t s for the fusion 
arc ‘.v&idir/r of stainless 3 v-?c- 3. for tfc® fabrication of 
ASEU5P0SK 5 ti coii-rer.s a t 5 . 


1.2 This sp>:c i fie at icni is ® infective upon issue end shall ha 
applicable whan specified ea sng inaaring drawings. . 

1.3 This specific a t i or- is applicable to all ARBS facilities 
and to all AR55 f.vubvc rvfc r ?. c fc era* and suuoi j.erU . 


2,0 A??iac;\h 7 tV, . ivicbvf.dfs 


K2 Sj *“A “ •* 1 4c* 

Aar gen <s£ 3 , balding 

•JAM 

=2oini -Arrny^-Tavy Standard for W®ld5.ng 


SvTtlfoOl^ 

■•iSJj =S T-O^ 2 0 

balding Ter a 5 and Definition 

blS Jo 5 021 

Qua 1 if ic a L- icn Tests for balder s . 

ASS 2? 2 

Specification for 301 S,S. suitable 


for A“iDS?OPh 

ASS 253 

Cleaning cf ARD2FO:;>-2 I'oi.'pooeota 

ASS 550 

Anspscf ior of Fusion balded Joint 3 

ASS 351 

-SGluuioa Annealing of Ar.£*3FCTiM Coupons at 0 

ASS 254 

Pi 3 si va l ir.g 

?©na 22=100 

TJgIcT Baf-acfe and Discssitien Rspes’i Sesia 
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3.0- ¥A?B?,%KXS 


3.1 Pelyethylese bags - f nil ir«i». thicknee; 


3.2 Aestcns 


A „C „ S . , Analytical R@sg©nt 


3'. 3 Argon - &Z&--V-1S455S 

3.4 . Hslicat - K2L=£-27407 

4.0 - Sg|?!4?i43HT 

4.1 ■ Ssrush - austenitic stainless steel wire brush. 

4.2 Gl©*/aa *-- cot toil. 

4.3 Jticriixsa beldiug s'cuipir.ciat - ssniipicest shall. have. the 
following r.'.ininrom oharac epistles: 

a. pc-v/er supply capable of ssir.taiijintr carren? 

within 5 percent cf setting. 

* 

h. Arc voltage control capable of aufcc^tic control to 
within 1 0 . 1 volt.. 

c. Autcnatic current decay and. up slip's. 

d. Autesrcatic wire seed, capable of control to ±2 percent 
of setting. 

e. Start and stop delay timers. 


f. Carriage or fcooui speed automatically controlled to 
±2 percent of setting. 




AES 501 


A«5t©-«£b i c jpo-Si t loner capable of controlling work 
sps-od to ±2 percent ©f sattiiwr. 


h. Automat is timers shall foe reproducible within 2.5 
percent of settings. 

i « Kelrviiu c.iJCi -system capable of delivering 

’ •; "■ • . 

lueasvii. s-j. vq turner r ?»s a:icv/ rates or dry cover and backup 

9^^J> a 


5 , 0 KEQJ5:CRg'.iS2gTS 


5-.1 


ila. 5 v; i >>! •©, " Welding shall be performed by • 
•the inert gee- shielded arc • ran =^o n surr.afo le ) process using 
-direct current, -straight- polarity. All ue-l-ds shall r-e 
roadi^im 5 /eias erscspr xor penr.i3sj.bl-2 li'anusl welds as ini 
Oe-ction. (S..6.1 .-3. 


5.2 


- - ncr =■ Welding symbols and definitions 

- of welding terras shall be in accordance with Standards JAH= 

Pa‘P=I 9 and M2J.-S?c-20 . ■ 


* - H^lpAng^_Giii.r a to r _Csr t if 5,c at i on - Welding shall be performed 

only by v/elamg operator a who are currently certified in 
accordance with the retirements of specification M2h~?-502I 


5.4 


J-.^Urh. ~ All parts to 

oil, grease - surface oxides and 


be welded shall be free from 
other foreign material. 
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5,5 lie ja t gp . coi «» Square hubt :veld- joints shall be nssd f»r 
isateri?.! thichness vp to 0.125 in. -For thiohnr-'.ssnc over 0.12; 
in*, = V-grC’OVij **ald -say be used* The ’/-grvsv-e shall be hept 
to the miais^m cep ch c*<as£ste~t -with full ‘peoatzet ion end 
^niforrsLcy of th= v-s-ld head . 


3,0 


?<ssi. 

fciggi??a. _j*f 

r 

\na .*=’ . 2n 

‘ resait ionir* 

g or ' ai 

ign 

ina 

part 

s for v?«Idi 

ng , £ is Uv;jf a s v/ 

high rest 


the jo 

£nh dur 

i^rr 


v/sld 

ing shall be evs-ided . Ta 

th u-elde 

inclii 

dyag 1 

uQ per 


t. 

taefc 

Vr3id-3 Era 

an a-ccfcptabla 

•sssns of- 

align 

.ing -aa 

ting parts 

• 

The 
* % 

distance fr 

;> >2 v/Siv. loiiiis 

to the c 

1035S 

fc-Mine 

<;£ c<a*i 

ta:c 

h 

fcst*? 

aen gas ba-g 

ktp fir fibres n; 

Lid parts 

to Ira 

joins 

d shall 



aqua 

1 to 5 ti^.e 

s th e s.av.sr ia. 3. 

thiebiveo 

a pr 

5/8 in 

ch, i*?hi 

ch~ 


ever 

is base, - 

She has becicrp 

filter 2 

ShOill 

<5. not 

r^5t:rai 



the 

>'eld. joint. 

Tab 3 ESV be 

tabbed to 

l\hr$ 

^TbCltj O 

:? eyiin 

dSV 


v.’h.ic 

h are to be 

lorg.it n cans 1 1; 

•7 usidsd ^ 

a ^ ^ ^ 

to provide 

for v:3 

Id 


star 

v» C* <v V v .-v -1 

b'rif": *OV* it <2A r* rr 

?tc5cJ ©£ 

hold 





Jc.i-i 

t M<_c.~aatch 

i- <• ' V. iV 

r£.i allcv* 

able : 


ch 'C?f 5 

• -i . 

.T&led 

part 

■3 at tha v.’o 

Id. joint shall 

i^-3 10 pc 


of th 

.4. 

th 

■<_ -Vj _ 

ness 

cf the thiraaci'c s si.-bs.-sr. 


allov*. 

ails g 

“tp bStvT 

.3 =*: 


ass-e. 

roled pert ^ 

shall be 10 p 

sr-;e»fc of 

the 

stock v 

■;hlv!cac 

c-; 

-y ib 


the 

* ■% * . 
r n ■» r— r 

-.doer , 








• 5.7 

RMUr-Q'jL 

r^tdi. 

- Tut* fill 


or' 305. 

Cf tbs 

chemistry 


filler 

V’ir*- 3 

hall be in- 


metal vssd shell be either A 351 30 81, 
>ecX'cied in AES 252. Selertien this 
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NOT REPRODUCIBLE 


JUSS 3 


Cl 


IT ~ 


FZMJi:( lyiEM 


rrnj,737* ***7 7 /^’j.r^ 

A £ ^r-v* Vh £ 


g&asa ^gg&T* 


a „ Squama fc*3i.fc ’ 


3084 


fe. Cir&niaf os^nt irl w&ld ob a cy lip.F-T^r 3G8h 

‘V~$x&2v&, (Tsztir.& g&x&yxi&its with -thick « 
ness equal to os, great®'-' then ruotarial 
•thickness arc cevst er -of Cvd-iadorV, 


c,' Cir ou®f e r-crn tin! vs Id on a cylinder, 303 
V=croov-5 , ^r.nhi-u g co^pcnsi: t s ‘with 
thickness Laso tkar* tratari&X thio'mase 
v? cyiiii.ier by rr-ra t.kai 


at c-antor 


i «wst 

** v. </ Ci 


d, l : Migit«dival -fa. Id. c-rt a cylinder, q? any 3034 
veld art a ’ spher i f V*«?C3V3, (gre-sv-a 
depth less than 30 percent of :*atari<il 
thiCfcnssa? - 

a> L^’igit uc ina I wald on a cylinder, os ary 301' 
weld om a sphere, T /’*grcj5v-i , ( groove ; 
depth greater than 30 percent of irafcesrial 
thickness? , 

5*8 Wald ??ira Hardline - Weld wire shall bn stt red in clean 
polys thy leaa -bags. ane. handle'.' with clesn Cvftor, glcvr.c.- 

Wise .r,ay rsnain s-h rsuuyhiria? if spsoi holder's are cc-nglet 

ancles ad a*.^.* ei>^< 'V . .i. s iaij) it a && * .ee* x^i > 7 ^ i 

in- -use, Auxiliary wire fsed r.^chaniam including spool 
should he inspected fer cleanliness: at tfcs start or sack 
and cleaned , if necessary.,, by wiping with lint free clot 
eatura ted. with acetone. Ksws-vsr, as -a mnis.un, a weekly 
cleaning schedule shall ha adhered to for the wire feed 


' A ■* ** ’*•+ 


equ 2 .p 1 r.ent . 
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A3S 501 


5 .9 • ffiagk Helds - Task welds ns&d . for maintaining- alienv^nf of, 

relating part- a shall ha 1 in.it ed' that width which will be 

consumed by ch© 're Id bead .' Tack wel-do nay lie intermittent 
or continuous . 2n laying -davo* continuous tack welds around 
a girth weld joint j tacks shall be -nsd© in an alternating 
eagaeaca about the circvirfsirenee , s^oseediug tacks' shall be 
plQcscl c-o as to bisect the. longest available are length , and' 
shall be angularly displaced a a far from the preceding -tack 
as possible, • l- ocntiti^us back welded seam consists of, short 
linear tasks which. overlap each other } leaving sere spacing 
between tacks.-. 

5.3.1 ' - Tack welding fixtures stay he 

.asset te align the adi scent parte- for tack welding . i’ac’-c weld- 
ing f ircfctirar alien Id , hswevar ; i?e designed to rdr.iraise restrain* 
as ranch as possible. 

5.10 - Snsr-t Jhi s Prof a ct yen = Argon,? Helirai or r;d;cti:re s of both gases 

shall be used to' protect the material, daring welding . Gases, 
shall be free from, contaminants such as hydrocarbons and shall 
have a dew point not to e;oseed «75 S’. A-Xlco'sble OKvcsn levels 
in the Ax gen and Helium shall be 5ppn . Aumi.cum specifications 
pertaining tc gas purity shall apply at point of delivery to 
.the -work. 

5-XGil ga ckup Gas - Prior to welding., back side of joints shall be’ 

purged with inert gas in 'accordance with the following methods: 
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5 * 10,2 


5.11 


5,12 


5,13 


not reproducible 


AB'S 501 


a, . SSfceu ga/j fese rings- ssx* used. gas f lew" shojild ha 
% « * * 

jsiasftA-d a iBiisi^u;^- «s5 5 inin-it-os. pri$r. to fcha initiation 

I 

of walking. 

b* ?Hv£& an satire vassal is used s© a backup ,gaa container, 
the va-jssl 'Skull bs purged with -10 volssrsa changes of gas 
prior v,o iujitintissB cf welding. 

•c. -Sas fly/? she* 3 d aostir.u-a dyeing t*uXdis>g and cooling ah 

a rate sufficient to obtain wolds- having only superficial 
bre-ote dis^» >lc5fa*ciosj , Cate siust be "taken not to. over’ 
presmrise the back si&s of W155 v/hio3i would reSviit'ia* 
weM blow c” t . Sac-?a *5 gas fir.-; rates for any given gas 
exit area stall- not .e:jwM the rates shxy:m on Orsph 2,’ 


Qgyejr__S£S ~ Cvvycc 
produce ./sics ha* 
renvsvad ov lioirt 


■ gas fie** rat- eo should 'be suf ficien-t to 
•leg only discoloration i?Meb cash easily ice 
wire* br sushis g. 


ffeld Qv.a.1 It*- .- - Wold gce3.it.y shall ? s *set acceptance standards 
set' forth an a.bs 5 £ 3 S 


/.»*.- 


Hoc-t fr-aafu-s r- i - All pacts containing --salti-pass sisd/cr 
repair welds shall fee heat treated in acoo:-: dance wick ATS 351 
prior to stretching* . 


-pegnlgcyont.3 - All fixtures, 

- . » *" * " 

positioner tables, back°*cp bare, etc,, y?Mek ray corr.a into 

contact with parts to he walded shall be clean and free of 

grease, -5.11 and dirt. Such EtriaX surfaces shall not he ccn-» 

structed of alumina or other.- reactive sietals, Steel stain! 




ASS 501 




shesl and copper c ..\2 accaphebl®, H&vasvssv parts nhal] 
passivated in accordance with ASS -254 archer ccnhacfc with 
steel ©r 'copper surfaces, Surfaces of. aqr* ipri-ant which -eoss® 
into cents, at with parts to be vz-alceoi shall ha v; ip- ad_ clean 
with acstona at fh-a start of as ah shift, Fixtures and tools 
which are rer-:,oved froru stores shall ha cleared with at -a cone 
prior to see i=i welding ARD«?0It€ part:;. 


Cleaned parts end weld wive shall ha handled, with cotton 
gloves - avoiding contact cf; human shin, S'-sinless steel 
wira brushes shall he cleaned in accordance with AES 253 
and passivated and thex&nghiy rinsed in accordance with ASS 254 
evsry two veders sir **St3 F and shall net be nssd on any surface 
oth-v-r than eta ini as s steal , 


•• 6.0 


PRGS3DU23 


6.1 Held vei-nt Pr-rr^yatien - Shears 5 . edges shall >-a -sachincd 

• bad: a distance of .125 inches for nacerisl thichaassos op 
to ,125 inch and 1.0? for material th ic-c: as 'iCc- over .125 inch, 
where ? is the material thiohness. 

6 . 1.1 Joint preparation shall be by stosidard r-.ach in Ing iechnisvss: . 
inhere aachino p v sy s r a t .it n is impractical . filing, or ether 
manual oro-cas^-so arcs aec-mhabls . 


CAWSOHi Grinding with a silicon carbide hype wheel ary 

impregnate the joint surface with foreign material. 


\ . 
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ASS 501 


6.2 - ZsLqi: t© welding, parts shall ha brushed along 

the entire Joint v?Ath a clean austenitic stainless steel wire 
brush. A’iia bry-Knir-g snail cover a cl i stance or one inch isiniitaAio 
•froiu the joint , Cvna brushing direct Ion shall he parallel or 
tangential to the joint whichever is applicable . 

6*3 ^SSsI^S'ABSI ” After brushing , parts, shall ha cleaned and -dried . 

in accordance with FSS«=4 a^d stored in clean pc* lye thy lens bags. 

6*^ ” All v;eltlmg shall be performed in accordant 

with- developed wold schedules, The- appropriate weld schedule 
shall be indicated on the process sheet. 


6.4.1 


Deviation of i 10;= t wm the welding pairsneter “indicated on the 
de ve lop e o. weld schedule is perriinsibl-s if required as fine 
adjuscrosnts for the particular parts being weld 3 d. Parts for 
which ad j u of svsn.es beyond toe allowed deviation is required, 
shall bs held for -evaluation by Engineering and Quality Control 


6.4.2 


m? cf welos snail be raa-a-e with auien-ati© cvsrren t 
up^slope and decay in accordance with the specified weld 
schedule. ?aiI~o£f of girth welds- 3 ha 11 overlap the start- of 
the weld and shall b-a located within the width of the starting 
weld. Cpe^-a^ors shall try to center the fnii^bff within the 
width of the starting -weld bead. 
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6 * 5 ' ' ? racadu,ye - Task areas shall be adequately . 

protected fey cover and backup gas pririr to, during, ar:d 
after welding to aacurfe rainirf<urr> onidaticn , Tasks should be 
lightly cleaned with a wire brush prior to final welding or 
oyer lap by additional tacks. A gas lens or equivalent dif- 
fusion apparatus shall be sued ic 'assure adequate gas coverage 
of the task weld, Ta-ck welded parts shall be tiainhaiued in a 
clean dry condition and scored ass polyethylene bags, S?o 
cleaning or other prcc&ssicg shall be performed pn. tack 
welded parts' prior to final welding-, except' in Para, 6.2. 

- Vie Id repaii -3 tb s Urinate weld defects are 
permitted only in acc-srdar.qs with the following: 

a s w®id C-sf ?.et and Deposit icn S?port,. AED3 P&rir.’ 14- LOO 
must fee completed and apprevsd by Quality Cmttrol and 
ERgir-eering prior fe@ any v;slc repair. 

b. The same are?, iray not fes v.*sld repaired more than cues. 

c. Repair welded parts shall fee annealed and quenched in 
accordance with ASS 351, 

d. Weld repairs shall rr.ee t acceptance standards set forth 

in AES 550. 

6.6.1 Weld Repair Procedure a 


6. 6. 1.1 Stock, Removal - -=■ Weld defects such as voids, cracks and. 

lack of fusion - shall be completely removed prior to re- 

t ' S 

welding . Katarial removal should be by either conventional 



AES 501 


machining sssfchods or by local grinding with tungsten 
carbide burr 3. At no time during the preparation for 
repair shall a silicon carbide or simiar type grinding 
wheel be used unions precautions are tahen to ir.echanieal.lv 
clean weld surface prior to welding . Stock removal at 
•areas ©f incoirplate penetration shall be minimal but 
sufficient to insure complete penetration of the joint 
upon ££-v?oiding, Ha ter is 1 r-eirovsl for- weld repairs shall 
b® confined to the ‘fusion sons. 

6. 6. 1.2 Clean jr.c; ~ After required' stock removal v areas should >-e 
wire brushed ‘and cleaned by wiping- with clean lint free 
cloths- saturated with reagent grade acetone. 


6 .'6 .1* 3 Repair tv^lfgncr - Bach-ins Welding is preferred, fasrever, 
local manual welding is permitted where machine welding 
is impractical. 
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ASS 

501 
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• ASS 
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B® „ 
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EOES - 

BBQPlR gfcSKg S ■ 

5 0 1 Cenaral Saspastitea - Zaapeefeisn ox wsl&aa joints ©hall 
be p-.vrSeirned at the stage n of the .C-rbsr ieat.i-sn pros&«& 
Specified £?,lv •/- 

tal Aftes voiding t?<2 details* snibsssspblles os 

fiaal assaablioc and before ssyegsnit 1 stretch- 
Ir-g *= visual * penetrant and X=ray in? petition. 
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raj 'irst-^d £©r i;c.t. ths jfssquirsxiusts’ s>£ this 

sp'Q-^XSieafeissr;^ K«> v?aid arapslrs viill * fea psrrGrs&d 
fc'ni-3 .fru-.v, is ar.d approved fey ths 

appr^pr ni; th-^ri^i-se Iiid isafcs-q so fch-« ssfr, ; 

fet&feerial ra'KsS’Val '^c.g 5 , g:<? inti Inq'j £<sr r>&ps tgs it 
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d> Sagfe ^Id repair t-rili to.-: 
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TABUE I 

ACCKPEUSCE LIMITS FOR INSPECTION OF FUSION -WELDED JOINTS 


inspection 


Visua 1 ! 


Ra <3 ioqr aphi c 



Type of 
De feet 


Method 


| Dy Che3c 
1 Penetrant 


Cracks |v;ald « bass 
material) . including 
cavities- or inclu«» 
cions with a tail 


Incomplete paiietra 
felon or fusion 


Porosity and voids 

Max. sise "D" 

Max., Total length 
per- linear inch 

Min. distance be« 
tween indie a t ions 


Metallic and non- 
metallic inclusions; 

Max. sise "D” 

Max. total length 
per linear inch 

Min. distance be- 
tween indications 




T/4 (vp to i 040 max.) 


1 of Max, sise or equiv » 
length, 3 Max, of any sise 


T/4 (up to ..040 max.}- 

1 of max. sise or equiv. 
length. 3 Max .of any sise 




ITomenc la tur e s 

U*~> Unacceptable 

T *» Thickness of thinnest base material 

D *= Diameter of largest dimension of 
actual defect 
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